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Section  1 
SUMMARY 


The  objective  of  this  study  was  to  determine  the  feasibility  of  using  per- 
manent magnet  generators  and  permanent  magnet  motors  as  components  in 
electric  propulsion  systems  for  U.  S.  Navy  ships.  The  scope  of  the  study 
required  a look  at  the  complete  electric  drive  systems,  i.e. , from  the  gas 
turbine  input  shaft  to  the  generator,  through  the  power  conditioning  system 
through  to  the  propulsion  motor/propeller  shaft  ^shaft-to- shaft).  To  develop 
system  performance  data,  nominal  hull  and  horsepower  requirements  for 
two  types  of  ships  were  used:  a twin-shaft  destroyer  using  40  000-hp  motors, 
and  a hydrofoil  ship  using  two  20  000-hp  motors  in  pods. 

The  General  Electric  Company  is  participating  in  the  U.S.  Navy- 
sponsored  development  of  superconducting  d-c  machines  for  electric  drive 
systems  aboard  naval  ships.  This  study  used  many  of  the  same  ship  and 
mission  parameters  that  were  used  in  the  Phase  I superconducting  machine 
system  study.  As  such,  some  preliminary  comparisons  may  be  made  be- 
tween superconducting  and  permanent  magnet  machines.  The  basic  circuit 
for  the  twin-shaft  propulsion  system  is  shown  in  Figure  1-1.  This  twin- 
propeller  system  has  a rating  of  40  000  hp  per  shaft  which  is  generated  by 
four  20  000-hp  generators.  It  is  assumed  that  General  Electric  LM-2500 
gas  turbines  would  be  used  as  the  drives. 


Figure  1-1.  Basic  Circuit  for  Twin-shaft  Propulsion  System 
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The  basic  drive  system  concept  proposed  for  this  study  utilizes  a-e 
generators  to  drive  a-c  motors.  This  necessitates  variable  frequency  power 
conditioning  equipment  to  provide  the  necessary  system  control  for  variable 
speed  operation  of  the  ship.  Utilization  of  a cylindrical  permanent  magnet 
generator  forces  the  power  conditioner  to  provide  for  both  frequency  change 
and  voltage  control.  The  complexity  of  this  dual  function  made  it  desirable 
to  also  examine  the  impact  on  the  overall  system  of  using  a conventional 
electrically  excited  generator. 

Originally,  it  was  planned  to  use  a n minal  320-V  system  having  both 
permanent  magnet  generators  and  permanent  magnet  motors.  This  system 
voltage  is  similar  to  that  used  in  the  superconducting  d-c  system. 

As  the  study  progressed,  two  areas  were  noted  that  needed  more  em- 
phasis than  had  originally  been  planned.  It  appeared  that  both  of  these 
areas  would  improve  the  systems  performance: 

e Designing  a system  with  motor  voltages  between  600  V and  700  V, 
instead  of  ~ 320  V. 

• Designing  a system  with  an  electrically  excited  a-c  generator,  in- 
stead of  a permanent  magnet  generator. 

The  higher  voltage  system  with  permanent  magnet  generators  requires 
placing  SCR's  in  series  in  the  power  conditioning  cycloconverter,  which 
slightly  complicates  the  electronics.  However,  the  number  of  parallel 
three-phase  circuits  is  reduced.  This  has  a major  effect  of  reducing  the 
size  and  weight  of  the  high  current  transmission  lines  between  the  cyclo- 
converter and  the  motor. 


The  system  design  using  a conventional  electrically  excited  generator 
should  result  in  lighter  weight  and  simpler  electronics  over  the  permanent 
magnet  generator  system.  These  benefits  may  not  make  up  for  the  loss  in 
system  efficiency  due  to  the  power  required  for  excitation  of  the  generator, 
particularly  at  cruise  or  lower  propeller  speeds. 

Another  concept  that  should  also  be  given  more  detailed  consideration 
is  the  disc-type  permanent  magnet  generator.  This  concept  involves 
stacking  permanent  magnet  rotor  discs  and  segment-shaped  stator  coils 
backed  by  laminated  stator  core  iron.  The  optimum  form  factor  for  the 
disc  machine  is  a large  diameter  unit  which  requires  more  magnet  material 
than  for  cylindrical  machines.  This  design  may  win  the  trade-off  analysis 
for  certain  applications,  most  probably  as  generators. 

At  the  very  end  of  the  study,  an  error  was  found  in  the  computer 
program  used  to  design  the  permanent  magnet  machinery.  The  effects  of 
this  error  were  to  increase  the  size  and  the  weight  of  the  permanent  magnets 
in  the  machines  on  the  order  of  2 to  1.  The  implications  are  (having  run  the 
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critical  cases  for  the  20  000-hp  motor  and  the  40  000-hp  motor)  that  the 
weight  of  the  machines  will  go  up  slightly.  The  size  and  the  weight  for  the 
20  000-hp  generator  will  increase  and  exceed  the  stress  limits,  thereby  be- 
coming impractical  with  the  permanent  magnet  materials  available  today. 

At  the  end  of  Section  3,  "Permanent  Magnet  Machine  Trade-off  Designs,  " 
corrected  design  data  for  both  the  20  000-hp  motor  and  generator  and  for 
the  40  000-hp  motor  are  described. 

Based  on  the  work  in  this  study  and  at  this  point  in  time,  a "best"  sys- 
tem for  a twin- shaft  destroyer,  using  the  following  major  components,  is 


proposed: 

• 20  000-hp  Electrically  Excited 
Generator 


* 40  000-hp  Power  Conditioner 


• Transmission  Lines 

• Braking  Resistors 

• 40  000-hp  Permanent  Magnet 
Motor 


760  V 

6580  ampere/phase 
360  Hz,  three  phase 
3600  rpm 

40.5  in.  dia,  54.5  in.  long  (frame) 

15  100  lb  each 

Exciter  power:  64  kW  each 

Three  phase,  six  groups  of 
circuits 

Water- cooled  modules 
108  SCR’s  (nominal  2400  V) 

Size:  ~ 230  ft3 
Weight:  45001b 

18  transmission  cables  (6  three- 
phase  lines) 

To  be  specified  (for  crash-back 
maneuver) 

640  V 

15  625  ampere/phase 

78  Hz  at  168  rpm 

105  in.  dia,  106  in.  long  (frame) 

104  000  lb  each 


An  80  000-hp,  twin-shaft  ship  propulsion  system  with  conventional  gen- 
erators and  permanent  magnet  motors  would  weigh  about  320  000  lb  and 
have  a system  efficiency  of  about  95  percent  at  flank  speed. 

The  hydrofoil  system  is  simpler  than  the  destroyer  system  because 
each  generator  is  normally  dedicated  to  a motor,  thereby  eliminating  the 
cross-connect  bus  and  switches.  The  higher  rpm,  smaller  diameter, 
longer  motor  is  a very  attractive  machine  for  pod-mounted  applications.  An 
advantage  of  permanent  magnet  motors  that  could  be  exploited  is  the  oppor- 
tunity to  run  the  machine  "flooded, " eliminating  cooling  liquid  transfer 
across  the  rotating  couplings,  to  the  rotor.  The  permanent  magnet  motor 
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has  no  brushes  or  contacts  to  break  down  or  require  servicing;  thus,  it 
should  be  a very  reliable  machine.  This  feature  applies  to  all  permanent 
magnet  motors  regardless  of  size  and  rotational  speed. 

Based  on  the  trade-off  analyses  described  in  detail  in  this  report,  the 
following  conclusions  have  been  arrived  at: 

• It  is  feasible  and  practical  to  consider  the  development  of  propulsion 
equipment  using  permanent  magnet  motors.  These  motors  could  be 
in  the  size  range  from  5000  hp  up  to  40  000  hp. 

• It  is  not  practical  to  consider  the  development  of  cylindrical  perma- 
nent magnet  generators  in  the  range  of  5000  hp  to  20  000  hp.  The 
stresses  developed  in  the  rotating  portions  of  the  generator  exceed 
the  materials  capabilities  for  fabricating  high-performance  rotors 
at  the  high  drive-turbine  speeds  considered. 

• It  was  found  that  the  optimum  system  voltage  should  fall  between 
600  V and  700  V.  This  voltage  level  is  established  by  the  level  of 
insulation  in  the  motors  and  by  the  voltage  rating  of  the  power  control 
electronic  devices  (SCH’s). 

• The  use  of  a water-cooled  cycloconverter  system  to  minimize  the 
size  and  the  weight  of  the  power  conditioning  equipment  has  been 
assumed.  This  is  based  mainly  on  the  50  percent  overcurrent  re- 
quirement caused  by  the  crash-back  maneuver.  It  was  assumed  that 
the  power  conditioning  equipment  would  be  located  immediately 
adjacent  to  the  generator  so  that  the  high-frequency  transmission 
lines  will  be  as  short  as  possible  to  minimize  EMI. 

Permanent  magnet  motors  combined  with  conventional  a-c  generators 
and  advanced  power  conditioning  equipment  are  prime  candidates  for  develop- 
ment in  marine  propulsion  systems.  Disc-type  permanent  magnet  machines 
have  been  studied  briefly.  It  was  found  that  they  would  not  be  advantageous 
for  the  motor  applications.  However,  their  stronger  rotor  structure  and  the 
possibility  of  being  able  to  regulate  the  voltage  make  them  prime  candidates 
for  generators. 

The  size,  the  efficiency,  and  the  weight  of  these  components  are  equally 
competitive  with  other  electric  drive  systems,  except  for  the  superconducting 
d-c  machines  system.  It  is  accepted  that  the  power  density  of  the  compo- 
nents in  the  superconducting  d-c  generator  and  superconducting  d-c  motor 
electric  drive  system  is  higher  than  any  other  machine  concept  forcasted 
for  the  forseeable  future,  However,  reliability  evaluations  for  these 
superconducting  machines  and  support  equipments  are,  as  of  this  writing, 
not  well  documented.  It  is  reasonable  to  believe  that  both  types  of  equip- 
ment will  find  their  place  in  iuture  electric  propulsion  systems. 
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Section  2 

SYSTEM  ANALYSIS 


The  use  of  permanent  magnet  synchronous  motors  and  generators  with 
power  conditioning  equipment  offers  a comparatively  lightweight  and  compact 
propulsion  system,  with  a minimum  of  auxiliary  equipment  loading  on  the 
ship’s  service  system. 

The  system  studied  here  has  been  designed  in  the  light  of  the  practical- 
ity of  the  approach,  and  its  special  features  have  been  analyzed.  The  areas 
where  trade-offs  are  to  be  considered  for  a final  design  have  been  identified. 

The  power  conditioning  equipment  provides  many  positive  features: 

• Separation  from  the  synchronous  tie  between  the  motor  and  the  gen- 
erator inherent  in  a-c/a-c  systems,  where  the  propeller  speed  is 
controlled  by  the  prime  mover  speed.  The  prime  mover’s  speed  can 
be  considered  separately,  not  as  a rigid  relationship.  It  can  be 
operated  at  constant  speed  or  controlled  at  speeds  for  fuel  consump- 
tion economies. 

• The  resultant  control  provides  d-c  motor  characteristics  for  the 
propulsion  motor.  Overload  conditions  drop  the  motor  speed  to  the 
equilibrium  value  (severe  overloads  can  cause  the  motor  to  stall) 
without  pulling  out  of  step,  overloading  the  prime  mover,  or  stalling 
the  prime  mover, 

A wide  range  of  speed  control,  with  the  torques  required  for  starting, 
accelerating,  and  crashback,  is  possible. 

• Use  of  the  power  plant  is  flexible.  By  means  of  cross  connections  at 
the  power  conditioning  inputs,  one  generator  can  supply  both  propul- 
sion motors  and  provide  completely  independent  control  of  the  speed 
and  the  direction  of  rotation  of  each  propeller,  with  an  accompanying 
improvement  in  fuel  economy. 

SYSTEM  ARRANGEMENT 


Figure  2-1  shows  the  schematic  diagrams  of  the  main  loop  circuit  for  a 
destroyer  ship  propulsion  system  (twin- shaft,  40  000-hp  each).  The  basic 
building  block  is  to  normally  associate  one  cycloconverter  module  with  each 
generator.  Figure  2-2  shows  each  motor  circuit  as  a nine -phase  machine 
with  two  circuits  per  phase.  The  generators  are  correspondingly  nine- 
phase  machines  with  one  circuit  per  phase.  This  was  selected  as  a more 
practical  arrangement  than  the  use  of  a 39-phase  motor  with  one  circuit  per 
phase.  Thus,  each  generator  cycloconverter  supplies  half  of  the  circuits 
of  each  motor.  To  achieve  this  arrangement,  a minimum  voltage  of  650  V 


2-1 


GENERAL |fl  ELECTRIC 


(a)  Destroyer  System 


(b)  Full  Power 


(c)  Half  Power 


(d)  Quarter  Power 


© — it 
©— it 


(e)  Three-quarter  Power 
(Unbalanced  loading 
of  motors) 


Figure  2-1.  Schematic  Diagrams  of  Main  Loop  Circuit 
for  a Destroyer  Ship  Propulsion  System 


1 1 .'U,  '<"i"WT '",lw*" 


<jp|l  ^ Jl^fl  ■Wl  '■  ^"^ipuwr  ■»-',r'»- -rv\^’  ’ •-■ 


GENERAL^  ELECTRIC 


Figure  2-2.  Complete  Set  of  Motor  Windings 

line-to-neutral  is  required.  Each  cycloconverter  would  have  nine  phases 
with  two  cells  in  series  in  each  leg.  This  would  eliminate  the  necessity  of 
paralleling  thyristors  and  the  consequent  need  for  load  sharing. 

Higher  voltages  up  to  5 kV  can  be  obtained  by  use  of  higher  voltage 
cells  or  by  connecting  several  cells  in  series  in  each  bridge  leg.  Series 
connection  of  the  cells  will  require  a further  analysis  to  determine  trade- 
offs between  machine  and  cycloconverter  sizes. 

The  use  of  switches  in  the  main  loop  circuit,  as  shown  in  Figure  2-la, 
provides  a high  degree  of  flexibility  to  the  propulsion  system.  The  switches 
on  each  side  of  each  cycloconverter  allows  maintenance  work  to  be  performed 
while  the  rest  of  the  system  is  still  operating.  Cross  connections  between 
the  generators  allows  for  the  selection  of  any  number  of  generators  to  be 
connected  to  the  power  supply  to  the  two  motors  for  four  possible  power 
modes.  The  cross  connections  at  each  motor  are  so  that  all  of  the  motor 
circuits  are  energized  in  all  of  the  power  modes.  Figures  2-lb  through 
2-le  show  the  current  paths  for  the  four  power  modes.  This  circuit  ar- 
rangement allows  a current  unbalance  in  the  motor  circuits  in  the  three- 
generator/two-motor  power  mode,  and  does  not  present  any  problem  in 
cycloconverter  control  or  in  motor  behavior. 

Many  other  configurations  of  phases  and  circuits  are  possible,  e.g. , 
three-phase  motors  and  generators  each  with  six  circuits  per  phase.  In 
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this  case,  the  currents  would  be  balanced  in  the  motor  windings  for  all  of 
the  power  modes. 

The  final  selection  of  a system  arrangement  will  require  further  de- 
tailed analysis  of  such  factors  as:  1)  whether  or  not  the  generator  is  a 
permanent  magnet  machine  or  an  electrically  excited  machine,  2)  the  num- 
ber of  thyristors  in  individual  or  paralleled  circuits,  3)  the  voltage  levels 
and  the  effects  on  machine  size  together  with  individual  or  series- connected 
thyristors,  4)  the  space  and  maintenance  aspects  of  a small  number  of  large 
heavy-current  switches  or  a large  number  of  small  lower- cur. rent  switches. 

The  hydrofoil  system,  shown  in  Figures  2-3a  through  2-3c,  does  not 
have  the  three  quarter  power  mode.  Therefore,  it  does  not  present  the 
same  requirements  for  phase  and  circuit  coordination.  The  other  options 
of  paralleled  or  individual  thyristors,  voltage  levels,  and  decisions  on  the 
size  and  the  number  of  main  loop  switches  are  still  important  trade-off 
determinations. 

POWER  CONDITIONING 


The  power  conditioning  units  are  three-pulse,  midpoint  cycloconverters. 
They  are  used  to  convert  the  generator  frequency  into  a controlled  output, 
such  that  the  drive  is  operating  in  the  self- controlled  mode,  where  the 
motor  speed  directly  controls  the  output  frequency  of  the  cycloconverter. 
Therefore,  the  motor  does  not  operate  out  of  synchronism,  and  the  perma- 
nent magnet  propulsion  motor  has  the  same  characteristics  as  a d-c  motor. 

The  motor  is  regulated  to  operate  at  unity  power  factor  due  to  the  fact 
that  a motor  lagging  or  leading  power  factor  always  results  in  a lagging 
power  factor  at  the  input  to  the  cycloconverter.  This  mode  of  control  is 
accomplished  by  means  of  a rotor  position  sensor  which  provides  signals 
to  the  cycloconverter  such  that  the  rotor  position  relative  to  the  stator  is 
known  at  all  times. 

The  outer  control  loop  is  a speed  regulator  with  the  speed- regulating 
amplifier  error  voltage  calibrated  in  proportion  to  the  required  machine 
torque  needed  to  maintain  the  set  speed  (Figure  2-4).  A rotor-stator 
magnetomotive  force  (MMF)  angle  control  circuit  function  allows  the  three- 
phase  reference  set  to  be  varied  over  the  necessary  range  by  the  speed- 
regulating amplifier  error  voltage  (Figure  2-5).  Thus,  the  magnitude  of 
the  stator  current  is  proportional  to  the  required  torque  with  its  frequency 
controlled  by  the  rotor  speed.  The  stator  flux  has  a definite  spatial  rela- 
tionship to  the  rotor  flux;  the  stator  flux  is  capable  of  being  varied  by  the 
MMF  control  circuit  for  operation  at  unity  power  factor. 
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Stator  Current 


Figure  2-4.  Block  Diagram  of  System 


Axis 


Figure  2-5.  Vector  Diagram  Triangle 


CRASH-BACK 


Braking  resistors  are  used  in  the  crash  reverse  operation  only  and  are 
rated  for  full  regenerative  power. 

The  resistor  concept  utilizes  high-temperature  resistor  material  and 
the  thermal  capacity  of  the  material  to  absorb  the  regenerative  energy.  An 
alternate  concept  is  to  liquid  cool  the  resistors.  However,  this  does  not 
seem  to  be  economically  justified,  because  the  crash-back  operation  is 
seldom  performed. 
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The  gas  turbine  generator  set  has  a capacity  for  transient  and  steady- 
state  power  absorption.  The  cycloconverter  has  the  ability  for  two-way 
power  flow.  Therefore,  it  can  be  controlled  to  return  some  or  all  of  the 
regenerative  power  from  the  propulsion  shafts  into  the  gas  turbine  generator 
sets.  In  each  phase,  the  braking  resistors  would  be  connected  to  the  motor 
with  shorting  switches.  The  resistor  can  be  sized  to  dissipate  any  excess 
regenerative  power  over  what  the  gas  turbines  can  absorb.  Further  analysis 
using  hull  and  propeller  characteristics  and  required  crash-back  cycle  times 
will  be  necessary  before  correct  sizing  or  even  the  necessity  of  braking 
resistors  can  be  determined. 

PROTECTION 

System  protection  requires  investigation  to  determine  the  level,  the  re- 
quirements, and  the  methods  of  implementation.  Many  of  the  usual  methods 
of  fault  detection  can  be  employed;  but,  due  to  the  permanent  magnet  ma- 
chines, the  implementation  will  be  different.  The  cycloconverter  can  be 
supplied  with  fault  detection  for  most  of  the  system  fault  conditions  and 
used  to  initiate  a suppression  circuit  whereby  an  electronic  gate  suppres- 
sion circuit  will  interrupt  all  firing  pulses  to  the  thyristors. 

FUEL  CONSUMPTION 

Values  of  fuel  consumption  for  the  various  modes  of  power  utilization 
are  shown  for  the  destroyer  ship  in  Figure  2-6  and  Tables  2-1  through  2-3 
and  for  the  hydrofoil  ship  in  Figure  2-7  and  Tables  2-4  through  2-6.  The 
data  are  presented  in  various  ways  and  are  all  on  a per-shaft  base. 

Figures  2-6  and  2-7  show  actual  fuel  consumed  per  hour  plotted  against 
propeller  speed  for  various  power  configurations.  To  avoid  confusion  by 
presenting  too  many  curves,  in  Figure  2-6  the  three  generators  applied  to 
the  two-motor  mode  is  not  plotted  for  the  destroyer  ship,  only  the  maximum 
point  of  operation  is  identified  for  completeness.  Two  curves  for  each 
power  mode  are  shown  for  comparison,  one  for  constant  speed  and  one  for 
variable  speed.  The  gas  turbines  can  be  operated  at  a constant  speed  of 
3600  rpm.  When  the  load  decreases,  the  permanent  magnet  generator 
voltage  rises,  and  the  cycloconverter  can  operate  more  phased  back  to 
produce  the  voltage  required  at  the  motor  terminals.  The  conventional 
generator  can  have  its  voltage  regulated  to  the  values  required  at  the  input 
to  the  cycloconverter. 

Lower  fuel  consumption  is  possible,  if  the  gas  turbine  is  operated  at 
reduced  speeds  for  reduced  loads.  This  permits  a variable  generator  speed 
profile  proportioned  to  the  propeller  speed.  When  matched  to  the  turbine 
economical  fuel  operation,  the  propeller  load  curve  produces  relatively 
high  generator  speeds  so  that  the  full-field  condition  produces  excess  volts 
over  the  requirements.  The  lower  excess  volts  over  the  requirements  can 
be  accommodated  by  cycloconverter  phase-back  or  conventional  generator 
voltage  regulation 
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Figure  2-6.  Fuel  Consumption  Versus  Propeller  Speed 
per  Shaft  for  Destroyer  Ship 

Table  2-1 

MISSION  PROFILE  POWER  RANGES  FOR  DESTROYER  SHIP 


Average  Fuel  Consumption  Per  Shaft 

Power  Mode 

Propeller 

Speed 

(rpm) 

Constant  Speed 
Fuel  Rate 
(lb/ shp/hr) 

Variable  Speed 
Fuel  Rate 
(lb/ shp/hr) 

Two  Generators 
per  Motor 

146  - 168 

14  002 

12  700 

Three  Generators 
per  Two  Motors 

120  - 146 

9091 

8789 

One  Generator 
per  Motor 

95  - 120 

5646 

5363 

One  Generator 
per  Two  Motors 

72  - 95 

48  - 72 

3291 

1661 

3003 

1399 
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Table  2-2 


PROPULSION  PLANT  OVERALL  FUEL  RATE  FOR  DESTROYER  SHIP 


Power  Mode 

Propeller 

Speed 

(rpm) 

Constant  Speed 
Fuel  Rate 
(lb/shp/hr) 

Variable  Speed 
Fuel  Rate 
(lb/shp/hr) 

Two  Generators 
per  Motor 

168 

0.417 

0.417 

Two  Generators 
per  Motor 

146 

0.483 

0.483 

One  Generator 
per  Motor 

120 

0.472 

0.451 

One  Generator 
per  Motor 

95 

0.610 

0. 574 

One  Generator 
per  Two  Motors 

72 

0. 683 

0. 584 

One  Generator 
per  Two  Motors 

48 

1.306 

....  . ..  . 

1.068 

Table  2-3 

PROPULSION  PLANT  FUEL  RATE  AND  EFFICIENCY 
FOR  DESTROYER  SHIP 


Power  Mode 

Propeller 

Speed 

(rpm) 

Overall 

Fuel  Rate 
(lb/  shp/hr) 

Overall 

Efficiency 

(%) 

Four  Generators 
per  Two  Motors 

168 

0.417 

0.95 

Three  Generators 
per  Two  Motors 

152 

0.420 

0.96 

Two  Generators 
per  Two  Motors 

125 

0.432 

0.96 

One  Generator 
per  Two  Motors 

88 

0.49 

0.94 
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Figure  2-7.  Fuel  Consumption  Versus  Propeller  Speed 
per  Shaft  for  Hydrofoil  Ship 


Table  2-4 


MISSION  PROFILE  POWER  RANGES  FOR  HYDROFOIL  SHIP 


Propeller 

Speed 

(rpm) 

Constant  Speed 

Fuel  Rate 
(lb/hr) 

Variable  Speed 
Fuel  Rate 
(lb/hr) 

1050  - 1200 

7366 

7269 

900  - 1050 

5440 

5275 

750  - 900 

3815 

3350 

600  - 750 

2260 

1985 
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Table  2-5 

PROPULSION  PLANT  OVERALL  FUEL  RATE 
FOR  HYDROFOIL  SHIP 


Power  Mode 

Propeller 

Speed 

(rpm) 

Constant  Speed 
Fuel  Rate 
(lb/shp/hr) 

Variable  Speed 
Fuel  Rate 
(lb/shp/hr) 

One  Generator 
per  Motor 

1200 

0.  417 

0.417 

One  Generator 
per  Motor 

1050 

0.  465 

0.  452 

One  Generator 
per  Motor 

900 

0.  57 

0.520 

One  Generator 
per  Two  Motors 

750 

0.  545 

i 

0.  485 

One  Generator 
per  Two  Motors 

600 

0.77 

0.640 

Table  2-6 


PROPULSION  PLANT  FUEL  RATE  AND  EFFICIENCY 
FOR  HYDROFOIL  SHIP 


Power  Mode 

Propeller 

Speed 

(rpm) 

Overall 

Fuel  Rate 
(lb/shpAr) 

Overall 

Efficiency 

(%) 

Two  Generators 

1200 

0.  417 

0.95 

per  Two  Motors 

One  Generator 

890 

0.  426 

0.  96 

per  Two  Motors 

Tables  2-1  and  2-4  show  the  average  pounds  per  hour  of  fuel  consumed 
when  the  system  is  operating  within  the  various  ranges  of  the  mission  pro- 
file. This  could  be  more  representative  of  what  can  actually  be  expected 
during  a mission.  Both  the  constant  and  variable  gas  turbine  speed  types 
of  operation  are  shown  for  comparison. 
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Tables  2-2  and  2-5  compare  the  overall  fuel  rates  of  the  propulsion  sys- 
tem to  the  mission  profile  and  include  all  of  the  motor  generator  and  cyclo- 
converter losses  to  obtain  the  load  conditions  on  the  propulsion  gas  turbines. 
Thus,  the  figures  show  the  pounds  of  fuel  per  shaft  horsepower  per  hour; 
not  included  are  the  various  propulsion  system  auxiliaries  that  would  be 
supplied  from  the  ship’s  service  system.  These  would  include  such  items 
as  pumps  and  blowers  for  cooling  systems,  lubrication  oil  pumps,  and 
excitation. 

Also  shown  in  the  tabulation  are  the  overall  propulsion  plant  efficiencies 
achieved  at  the  various  power  modes.  Again,  these  figures  include  the 
losses  of  the  motors,  the  generators,  and  the  cycloconverters,  but  do  not 
include  the  system  auxiliaries.  Thus,  the  efficiencies  are  from  propeller 
shaft  to  turbine  shaft. 

Tables  2-3  and  2-6  show  the  maximum  operating  speeds,  the  shaft 
horsepowers,  and  the  overall  propulsion  plant  fuel  rates  for  the  various 
power  modes.  It  will  be  noted  that  the  shaft  horsepowers  obtained  are  not 
the  full  values  expected.  For  example,  in  Table  2-2  the  one-generator- 
per- motor  mode  does  not  provide  half  horsepower.  The  reason  for  this  is 
based  on  the  use  of  the  motor  saturated  characteristic  curves,  where  the 
current  contribution,  from  each  generator,  in  any  particular  power  mode 
will  determine  the  motor  speed.  To  reach  the  full  available  power  in  all  of 
the  modes,  the  generators  will  have  to  be  designed  for  a slightly  higher 
current  than  the  value  obtained  based  on  the  full-power  design  point. 

CONCLUSIONS 

Propulsion  equipment  utilizing  permanent  magnet  motors  and  either 
permanent  magnet  or  conventional  generators  with  cycloconverter  control 
offers  an  eminently  practical  power  plant  that  provides  a remarkably  effi- 
cient, flexible,  and  reliable  system. 

Further  detailed  investigations  are  required  in  the  many  trade-off 
areas  to  determine  the  optimum  designs  and  the  equipment  selections  for 
a final  hull/plant  coordinated  design. 

The  major  areas  of  trade-off,  in  addition  to  those  identified  in  the 
specific  equipment  description  sections,  are: 

• Voltage  levels 

• Individual  or  parallel  thyristors 

• Machine  phases  and  circuits 

• Crash-back  resistors 

• Turbine  speed  control 

• System  protection 

• Maximum  values  of  intermediate  power  levels 


2-12 


< rg|  k pn 


GENERAL®  ELECTRIC 


Section  3 

PERMANENT  MAGNET  MACHINE  TRADE-OFF  DESIGNS 


INTRODUCTION 


The  objective  of  this  propulsion  systems  study  is  to  study  the  feasibility 
of  using  permanent  magnet  (PM)  machines.  Trade-off  studies  have  been  per- 
formed to  establish  practical  permanent  magnet  motor  and  generator  designs 
for  several  specific  machine  ratings.  The  objective  is  to  establish  machine 
designs  that  are  of  optimum  size,  weight,  and  efficiency  and  are  compatible 
with  the  system’s  requirements.  The  drive  system  will  consist  of  a gas  tur- 
bine directly  coupled  to  an  alternator  that,  through  a cycloconverter,  drives 
the  propulsion  motor. 

This  part  of  the  study  concerns  itself  with  permanent  magnet  machines 
for  the  motor  and  generator  functions  as  well  as  the  alternative  case  of  a 
permanent  magnet  motor  with  an  electrically  excited,  wound- rotor  machine 
as  the  generator.  Initial  system  considerations  indicated  that  it  may  be 
beneficial  to  perform  the  voltage  regulation  function  in  the  alternator  rather 
than  in  the  cycloconverter.  Voltage  regulation  is  impractical  in  a high-speed 
permanent  magnet  alternator,  thus  a high-speed,  wound-rotor  machine  will 
be  considered. 

Furthermore,  a section  that  considers  a different  type  of  permanent 
magnet  machine  (the  disc-type,  permanent  magnet  machine)  has  been  in- 
cluded. Since  complete  designs  of  this  type  of  machine  would  go  beyond 
the  scope  of  this  study,  only  electromagnetic  sizing  and  trade-offs  were 
considered.  This  should  be  sufficient  to  assess  this  new  type  of  machine 
in  comparison  to  the  conventional  cylindrical- type  permanent  magnet 
machine. 

BASIC  SYSTEM  CONSIDERATIONS 

The  scope  of  this  study  is  to  answer  the  question  whether  permanent 
magnet  machines  are  feasible  and  practical  with  respect  to  ship  propulsion 
applications.  Several  system  parameters  (e.  g. , voltage  level  and  current 
level  (for  constant  power)  in  the  system)  have  relatively  little  effect  on  the 
size  of  the  electrical  machines  even  though  they  are  very  important  for  the 
system.  The  voltage,  once  it  exceeds  about  700  V line-to-neutral,  will  in- 
crease the  machine  size  by  a few  percent  because  of  the  added  insulation, 
depending  upon  the  voltage  level. 

For  that  reason,  when  sizing  the  machines,  the  voltage  levels  chosen 
are  set  for  convenience  and  do  not  represent  final  values  for  an  actual 
system.  The  320-V  motor  voltage  is  convenient  because  at  this  level  one 
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SCR,  of  presently  available  types,  can  handle  all  of  the  voltage  (current  and 
frequency)  in  the  cycloconverter.  Double  voltage  would  require  two  present- 
day  production  SCR’s  in  series  in  the  inverter.  When  establishing  the  gen- 
erator voltage  requirements,  the  cycloconverter  is  treated  on  an  ideal  basis 
which  can  be  represented  in  a circuit  diagram  as  shown  in  Figure  3-1. 


Generator  Cycloconverter  Motor 


Figure  3-1.  Single-phase  Equivalent  Circuit 
of  System 

Rl  in  the  converter  represents  the  losses  in  the  semiconductors  and 
in  the  main  current  path.  R is  a wattless  resistor  that  represents  the  volt- 
age losses  in  the  converter  mie  to  wave  shaping  and  commutation.  Thus, 
the  generator  voltage  in  the  study  will  reflect  the  voltage  losses  in  both 
resistors  but  not  the  voltage  changes  between  input  and  output  due  to  the 
cycloconverter  connection  being  utilized.  These  considerations  will  only 
be  performed  for  the  system  portion  of  this  study.  Thus,  actual  voltages 
for  a real  system  will  be  different  from  those  used  for  the  motor  and  gener- 
ator study.  However,  selecting  the  number  of  turns  per  phase  in  both  ma- 
chines will  allow  adjusting  the  machine  voltage  levels. 

BASIC  DESIGN  AND  TRADE-OFF  CONSIDERATIONS 

Designing  any  rotating  electrical  machine  requires  balancing  a multitude 
of  independent  and  interdependent  parameters  to  achieve  a reasonable  design. 
To  perform  trade-off  studies  on  this  basis  is  considered  a very  uneconomical 
procedure.  Since  trade-off  study  results  indicate  trends,  most  of  the  factors 
whose  contributions  are  considered  insignificant,  as  far  as  their  range  of 
variation  is  concerned,  can  be  eliminated. 

The  resultant  calculation  method  will  consider  the  active  motor  area, 
where  the  windings  are  located,  as  a space  filled  partially  by  copper,  par- 
tially by  insulation  material,  and  partially  by  laminated  iron.  The  end- turn 
extension  is  calculated  based  upon  the  pole  geometry,  while  the  stack  length 
and  the  yoke  iron  are  calculated  based  upon  the  amount  of  flux  in  the  machine. 
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The  permanent  magnet  geometry  in  the  rotor  is  carried  to  such  a detail  that 
realistic  leakage  flux  calculations  are  possible.  The  structural  parts  in  the 
rotor  and  the  stator  are  included  in  a generalized  fashion  in  order  to  obtain 
machine  weight  information. 

The  computer  program  used  to  carry  out  the  trade-off  calculations 
calculates  machine  parameters  based  upon  a given  voltage  and  current  level. 
However,  this  is  done  for  convenience  in  order  to  see  the  effects  of  the  num- 
ber of  turns  per  phase,  and  not  to  indicate  that  the  machine  design  is  fixed 
and  only  that  voltage  level  can  be  accepted.  The  per  unit  values  of  the  ma- 
chine reactances  and  resistances  should  not  be  dependent  upon  the  potential 
(voltage)  level  unless  more  insulation  is  required ! This  generally  happens 
for  voltages  above  700  V to  800  V.  The  saturation  effects  are  taken  into 
consideration  through  an  increase  in  air-gap  length. 

The  computer  program  used  for  this  study  was  developed  on  General 
Electric  funds.  It  is  set  up  to  perform  machine  synthesis  in  contrast  to 
design  analysis.  This  is  accomplished  by  automatically  varying  two  of  the 
independent  parameters  until  the  specified  performance  goals  are  achieved. 
The  independent  parameters  are  the  stack  length  (length  of  laminated  core 
in  the  axial  direction)  and  the  magnet  width  in  the  radial  direction,  the  mag- 
net width  in  the  circumferential  direction  (to  some  degree),  the  rotor  out- 
side diameter,  the  number  of  turns  per  phase,  the  per  unit  pole  arc,  the 
ratio  of  air-gap  length  to  pole  pitch,  and  the  current  density.  The  flux  den- 
sity levels  in  the  machine  are  set  at  maximum  practical  levels. 

The  stack  length  (symbol  Hi)  is  used  to  adjust  the  voltage  and  thus  the 
power  capability  of  a machine  which  is  fixed  in  the  radial  dimension.  The 
magnet  width  in  the  radial  direction  (symbol  Hm)  is  utilized  to  keep  the  flux 
level  in  the  air  gap  and  the  stator  teeth  within  a prescribed  range.  The  other 
independent  parameters  are  varied  externally.  In  some  cases,  the  per  unit 
pole  arc  is  varied  automatically  to  result  in  the  lowest  weight  machine  for  a 
set  of  given  parameters. 

The  program  is  equipped  with  various  decision-making  features  that 
will  allow  it  to  change  Hi  and  Hm  in  such  a fashion  as  to  possibly  result  in 
a proper  design.  The  iteration  process  used  employs  the  Newton-Rapson 
method  for  both  variables  separately.  This  results  at  times  in  convergence 
problems  which,  for  their  solution,  would  require  more  advanced  multi- 
variable  iteration  methods.  These  convergence  problems  plagued  mostly 
the  generator  design. 

A brief  performance  analysis  program  for  the  unsaturated  machine 
allows  the  establishment  of  the  maximum  power  point  of  the  machine  as  well 
as  to  gain  some  basic  performance  information.  Even  though  the  saturation 
level  is  only  considered  for  the  full-load  point  design  (through  a constant 
air-gap  increase),  the  program  gives  useful  partial  load  information  if  one 
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considers  the  possible  effects  of  saturation.  This  will  be  discussed  in  more 
detail  for  the  individual  machines. 


MAGNET  PACK  FOR  CYLINDRICAL-  TYPE  PERMANENT 
MAGNET  MACHINES 


All  machines  discussed  previously  and  below  require  magnet  sizes  that 
exceed,  in  at  least  one  dimension,  the  manufacturing  capabilities  for  the 
rare  earth  magnets.  Therefore,  all  of  the  rotor  magnets  have  to  be  assem- 
bled from  smaller  magnet  blocks  in  one  or  more  directions. 


All  four  machines  feature  a rotor  construction  in  which  the  rotor  is 
built  up  from  rings  that  are  either  fastened  to  each  other  and  to  the  shaft 
extension  or  assembled  to  a shaft.  Thus,  in  the  axial  direction,  a baseline 
division  of  the  magnets  exists.  However,  since  the  maximum  producible 
magnet  size  is  about  one  to  two  square  inches  in  cross  section  and  one  inch 
in  length,  the  magnets  in  one  pole  section  in  a motor  ring  have  to  be  assem- 
bled from  smaller  magnets. 


At  present,  it  is  anticipated  that  the  magnets  will  be  assembled  into  the 
rotor  ring  in  the  demagnetized  condition  and  held  together  either  by  a com- 
bination of  epoxy  glue  and  mechanical  compression  for  low-stress  machines 
or  by  mechanical  compression  alone  for  high-speed  and  thus  high-stress  ma- 
chines. Magnetization  of  the  magnets  will  take  place  after  each  ring  has 
been  completed,  since  at  that  stage  magnetization  of  high  quality  magnets 
can  be  handled  with  relative  ease.  Magnetization  of  a complete  rotor  is  only 
possible  if  a superconducting  magnetization  coil  can  be  placed  around  each 
magnet  at  that  stage  of  assembly. 


The  individually  magnetized  rings  will  require  special  fixturing  for 
assembly  into  one  rotor.  Similarly,  special  fixturing  and  precaution  will 
have  to  be  used  when  assembling  the  rotor  into  the  stator.  This  can  be  done 
in  two  ways: 


• For  large  diameter  machines  — the  stator  windings  can  be 
arranged  in  such  a fashion  that  the  stator  can  be  split  into 
two  half- sections.  In  that  case,  the  rotor  will  be  lowered 
into  the  lower  stator  half  and  supported.  The  upper  stator 
half- section  will  be  added  subsequently  with  proper  fixturing 
and  support. 


For  smaller  diameter  rotors  --  sectioning  of  the  stator  may 


be  impractical.  In  that  case,  the  rotor  will  be  slid  into  the 
stator  and  Teflon® -coated  distance  pieces  will  be  used  to 


stator  and  Teflon® -coated  distance  pieces  will  be  used  to 
maintain  an  even  clearance  around  the  rotor  before  the 
bearings  are  assembled. 


trademark  of  the  E.I.  deNemours  duPont  & Company,  Inc. 
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The  difference  between  permanent- magnet  excited  machines  and  electri- 
cally excited  machines  is  only  to  be  found  for  the  unexcited  machine.  In 
operation,  both  types  of  machines  show  the  same  magnetic  forces. 

40  000-HP  MOTOR 

TRADE-OFF  DESIGNS 

The  design  program  provides  data  for  a complete  machine.  But,  the 
design  of  the  frame,  shaft,  bearings,  and  mechanical  support  structure  is 
done  on  a simplified  generalized  basis  that  prevents  designing  the  mechanical 
parts  for  minimum  weight.  For  a given  torque  rating,  the  different  machine 
configurations  would  be  treated  equally  when  judged  for  minimum  weight, 
based  upon  the  generalized  mechanical  design.  It  should  be  pointed  out  again 
that  the  final  weight,  which  should  be  somewhat  lower  than  given  by  the  pro- 
gram, will  only  be  obtained  after  a more  specific  design  of  the  support 
structure.  This  will  be  done  after  the  optimum  machine  configuration  has 
been  selected. 

The  speed  for  maximum  power  output  for  this  motor  is  fixed  at  168  rpm, 
which  automatically  specifies  the  torque  at  this  speed.  The  150  percent 
over-torque  requirement  will  be  dealt  with  later.  Since  the  electromagnet- 
ically  developed  torque  is  a direct  function  of  the  ampere-turns-flux  product 
of  the  electrical  machine,  this  product  is  also  fixed.  By  varying  the  amount 
of  flux  in  the  machine  or  the  number  of  ampere-turns,  different  machine 
configurations  can  be  obtained  for  the  same  output  power.  Emphasis  on 
high  flux  results  in  a heavy  but  low  reactance  machine,  while  a high  number 
of  turns  results  in  a lower  weight  but  a higher  reactance  machine. 

A high  reactance  machine  also  means  a larger  portion  of  the  magnet- 
ization (on  the  rotor)  will  be  necessary  to  overcome  the  demagnetizing  action 
of  the  armature  or  load  current.  This  demagnetizing  action  is  further  in- 
fluenced by  the  operating  power  factor  of  the  machine:  a lagging  power  fac- 
tor would  reduce  the  total  excitation  requirement,  while  a leading  power  fac- 
tor would  increase  it.  It  can  be  shown  that  the  optimum  power  factor  for 
minimum  motor  weight  lies  in  the  range  of  0.  98  to  0. 96  lagging.  However, 
in  this  application  one  would  not  operate  the  motor  at  the  optimum  power, 
factor  because: 

• Any  power  factor  other  than  unity  will  generally  penalize  the 
generator,  since  a significant  increase  in  kVA  capability  of  the 
generating  machine  will  be  required. 

• The  weight  difference  for  unity  power  factor  operation  and 
optimum  power  factor  operation  is  insignificant. 

The  rotor  diameter  is  a second  important  parameter  that  influences  the 
size  and  the  weight  of  the  machine.  In  general,  an  optimum  diameter  exists, 
but  a detailed  analysis  has  to  prove  that  a practical  machine  can  be  built  at 
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that  diameter.  Other  important  parameters  are:  the  number  of  pole  pairs 
and  thus  the  frequency,  the  ratio  of  air  gap  length  to  pole  pitch,  the  winding 
current  density,  and  the  ratio  of  pole  arc  to  pole  pitch.  The  latter  will 
always  be  selected  to  result  in  the  lowest  weight  machine.  The  magnetic 
flux  density  in  the  various  sections  of  the  machine  will  not  be  considered  a 
parameter,  since  both  thermal  limitations  (because  of  iron  losses)  and  sat- 
uration limitations  influence  the  selection  of  practical  flux  densities.  As 
mentioned  before,  maximum  practical  values  have  been  selected. 


The  current  density  influences  weight  and  losses  in  the  opposite  way, 
in  general;  e.  g. , high  current  density  results  in  a lower  weight  but  higher 
loss  machine  and  vice  versa.  Practical  values  depend  upon  the  efficiency 
requirements  and  the  cooling  capabilities. 

The  ratio  of  air  gap  length  to  pole  pitch  is  a magnetic  parameter  that 
influences  the  synchronous  reactance  level  as  well  as  the  amount  of  excit- 
ation—and  thus  the  amount  of  magnets- -necessary  to  achieve  a specified 
air  gap  flux  density. 

The  number  of  pole  pairs  determines  the  frequency  of  the  machine  at 
a given  speed  and  thus  influences  the  iron  losses  as  well  as  the  synchronous 
and  leakage  reactance  level.  Indirectly,  it  also  determines  the  size  of  the 
individual  magnets,  since  it  enters  into  the  leakage  flux  calculations  and 
determines  how  many  equivalent  ampere-turns  have  to  be  provided  by  each 
magnet  at  full  load. 

The  arrangement  of  the  magnets  in  the  rotor  utilizes  the  flux- squeezing 
technique  described  in  the  proposals  and  previous  reports  and  publications 
(Refs,  1 and  2).  That  is,  two  magnets  aligned  circumferentially  feed  their 
magnetic  flux  into  a magnetic  pole  piece  that  leads  the  flux  to  the  air  gap, 
and  comprise  one  pole  pair  in  connection  with  the  flux- collecting  pole  piece  at 
the  other  end  of  these  magnets  (Figure  2).  The  result  of  this  arrangement 
is  a flux  density  in  the  air  gap  that  is  higher  than  the  flux  density  in  the 
magnets,  provided  the  total  magnet  cross-section  area  is  bigger  than  the 
pole-face  area.  This  magnet  arrangement  is  best  suited  for  rare  earth 
permanent  magnets  in  multipole  permanent  magnet  machines. 

The  trade-off  studies  have  covered  the  following  ranges  for  the  individual 
parameters: 


Turns  per  phase,  turns 
Rotor  outside  radius,  RR 
Number  of  pole  pairs,  PP 
Number  of  poles 
Current  density,  CD 
Air  gap  length  to  pole 
pitch  ratio,  GPTP 
Pole  arc  to  pole  pitch 
ratio,  PUPA 


3 to  6 

38  in.  to  60  in. 

12  to  28 

24  to  56  9 « 

3000  A/in.  to  9000  A/in. 

0.  010  to  0. 05 

0.  44  to  0.  72 
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Flux  Path 


Shrink  Ring 
Nonmagnetic  Section 
Magnetic  Section 


Figure  3-2.  General  Rotor  Construction 


The  trade-off  design  computations  cover  the  complete  range  of  the  par- 
ameters. From  these  computation  results  the  following  machine  character- 
istics are  plotted  as  shown  in  Figures  3-3  through  3-6  as  well  as  listed  in 
Table  3-1: 


Symbol 

Units 

Total  machine  weight 

WTOT 

klbs 

Electromagnetic  weight 

EMW 

klbs 

Total  electromagnetic  losses 

PTOT 

kW 

Overall  frame  diameter 

ODFR 

inch 

Leakage  reactance 

Xsig 

io-3  n 

Synchronous  reactance  in 

quadrature  axis 

Xaq 

io  * n 

Table  3-1 


MACHINE  PARAMETERS  VERSUS  (GAP/POLE  PITCH)— RATIO 


Parameters 

CD  = 6000  A/in.  2 
Turns  = 5 

/ RR  = 44  in. 

/ Pole  Pairs  = 24 

Gap /Pole  Pitch 

0.01 

0. 02 

0. 03 

0.  04 

0. 05 

Total  Weight,  klb 

128 

129 

129 

129 

130 

Total  Losses,  UW 
Synchronous  Reactance 

645 

655 

643 

653 

646 

q-Axis,  raR 

24.7 

13.5 

9.  50 

8. 18 

7.  05 

ODER  and  Xsig  show  very  little  or  no  change  for  this  machine  size. 
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The  data  in  Table  3-1  illustrate  that  the  gap-to-pole-pitch  ratio  has  very- 
little  influence  upon  any  machine  characteristic,  except  Xaq.  This  indicates 
that  sufficient  magnet  material  can  be  put  into  the  rotor  geometry  to  meet 
both  magnetization  and  armature  reaction  magnetomotive  force  (MMF)  re- 
quirements. If  that  is  not  case,  any  one  of  the  other  parameters  will  also 
suffer  since  the  machine  will  become  larger.  However,  within  the  range  of 
the  parameters  considered,  only  Xaq  will  be  affected,  which  makes  the  ratio 
of  air  gap  length  to  pole  pitch  a convenient  tool  to  control  the  value  for  Xaq. 

The  curves  plotted  in  Figures  3-3  through  3-6  show,  in  general,  the 
expected  behavior  of  the  design  characteristics,  but  one  needs  to  assess  the 
impact  of  a change  in  parameters  in  view  of  the  overall  design  and  systems 
concept.  This  has  to  be  done  with  respect  to  the  power  rating  of  the  ma- 
chine and  its  per  unit  reactance  level. 

The  rating  of  40  000- hp  output  power  corresponds  to  an  electrical  out- 
put rating  of  Pr  = 29  830  kW.  The  voltage  and  current  level  chosen  (these 
should  not  be  confused  with  the  actual  levels  pointed  out  before)  of  320  Vrms 
line-to-neutral  and  31  750  A per  phase  (three-phase  basis)  result  in  a unit 
impedance  of  XpU  = 0. 01008  Q or  10. 08  m£2.  That  means  a leakage  reactance 
of  0. 7 mJ2  is  equivalent  to  a per  unit  reactance  of  Xj_,  = 0. 069  p.  u.  or  6.  9 
percent.  An  electrical  loss  figure  of  1000  kW  is  equivalent  to  a loss  of  3.  24 
percent  which  is  equivalent  to  an  electromagnetic  efficiency  of  96.  81  percent. 

Figure  3-3  shows  the  motor  characteristics  versus  current  density  of 
the  windings  in  the  stator;  current  density  in  this  study  is  the  actual  rms 
current  density  (e.  g. , rms  phase  current  divided  by  total  copper  cross- 
section  area  per  phase).  Current  densities  in  large  commercial  machines 


Figure  3-3. 

Permanent  Magnet  Machine 
Characteristics  Versus 
Current  Density  (large 
machine,  40  000  hp) 


3-8 


Figure  3-4, 

Permanent  Magnet  Motor 
Characteristics  Versus 
Rotor  Radius  (large  machine, 
40  000  hp).  Construction 
Parameters:  Turns/Phase, 
Poles,  Air  Gap 


0 20  40  60 

Pole* 


Figure  3-5. 

Machine  Characteristics 
Versus  Number  of  Poles 
(large  machine,  40  000  hp), 
Poles  = 2x  Pole  Pairs 
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Figure  3-6. 

Permanent  Magnet  Machine 
Characteristics  Versus  Turns 
per  Phase  (large  machine, 

40  000  hp) 


2 

run  below  3000  A/in.  while  smaller  commercial  machines  run  above  that 
number.  Aerospace  machinery  runs  generally  between  9 and  12  kA/in.  2 for 
air  cooling  and  higher  for  oil- cooled  machines.  A deciding  point  on  where 
to  operate  depends  upon  the  required  machine  life  and  the  temperature  life 
capability  of  the  insulation  system.  Low  voltage  aerospace  insulating  sys- 
tems (up  to  800  VL_groun(j)  have  a 200  C life  of  more  than  ten  years.  Thus, 
the  allowable  current  density  depends  upon  the  effectiveness  of  the  cooling 
scheme  in  the  machine. 

o 

Preliminary  investigations  indicate  that  6000  A/in.  will  be  within  a 
reasonable  range  for  this  machine.  This  would  (for  a machine  with  RR  = 50 
inch,  5 turns,  48  poles,  and  a gap-length-to-pole-pitch  ratio  of  GPTP  = 
0.0153)  result  in  the  following  characteristics: 


WTOT 

= 134  klb 

Xaq 

= 14.  5 m£2 

£ 1.  44  p.  u. 

Xsig 

= 0.52  mT2 

= 0.  052  p.  u. 

ODFR 

= 110  in. 

PTOT 

= 584  kW 

=>  ^ = 0.981 

EMW 

= 56  klb 

Besides  the  fact  that  the  weight  and  the  synchronous  reactance  in  the  q-axis 
are  too  high,  it  might  be  interesting  to  compare  weight  and  efficiency  changes 
for  a given  change  in  current  density  as  shown  in  Table  3-2, 
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Table  3-2 

WEIGHT  AND  EFFICIENCY  VERSUS  CURRENT  DENSITY 


CD,  A/in.2 

3000 

6000 

9000 

WTOT,  % 

111.6 

100 

95.9 

PTOT,  % 

63.4 

100 

145.5 

V>  % 

98.8 

98.1 

97.2 

The  total  losses  change  less  than  the  current  density  for  two  reasons: 

• The  machine  size,  diameter,  and  length  will  decrease  slightly 
with  increasing  current  density.  Thus,  the  resistance  will  in- 
crease less  than  linear. 

• The  iron  losses  which  are  part  of  the  total  losses  will  also 
decrease  slightly  with  increasing  current  density. 

Figure  3-4  shows  the  machine  characteristics  as  a function  of  the  rotor 
radius.  In  the  range  considered,  the  total  weight  decreases  with  decreasing 
radius.  But  since  the  stack  length  grows  more  than  linear  with  decreasing 
radius,  a minimum  weight  will  be  reached  at  some  lower  radius  than  42 
inches.  (Note:  the  electromagnetic  weight  is  already  increasing  in  the 
range  considered. ) This  also  explains  the  increases  in  Xaq,  Xsig,  and 
PTOT.  The  general  interpretation  of  Figure  3-4  is  that,  in  the  range  con- 
sidered, the  decrease  in  weight  with  decreasing  rotor  radius  is  only  due  to 
the  structural  parts  of  the  machine  not  to  the  electromagnetics. 

Figure  3-5  shows  the  machine  characteristics  as  a function  of  the  num- 
ber of  pole  pairs.  Changing  the  number  of  pole  pairs  for  constant  operating 
speed  will  result  in  two  effects  showing  opposite  trends.  Sectionalizing  of 
the  flux  reduces  the  iron  cross  section  necessary  to  carry  the  flux  from  one 
pole  to  the  next.  It  will  also  reduce  the  end-turn  length  because  the  windings 
do  not  have  to  brace  that  large  a pole  pitch.  More  pole  pairs  will  increase 
the  frequency  and  related  effects  such  as  iron  losses  and  reactance  levels. 

These  trends  are  clearly  shown,  except  for  the  synchronous  reactance 
in  the  quadrature  axis.  The  synchronous  reactance  combines  the  effects  of 
changing  the  effective  air  gap,  the  poles,  and  the  stack  length  and  the  effects 
of  changing  the  per  unit  pole  arc.  (The  pole  arc  resulting  in  the  smallest 
machine  is  selected. ) The  losses  bottom  out  because  the  gain  due  to  shorter 
end  turns  is  outweighed  by  the  increase  in  iron  losses.  Within  the  range  of 
poles  considered,  total  weight  and  electromagneto  weight  decrease  (but  at  a 
continuously  diminishing  rate)  with  an  increasing  number  of  pole  pairs. 

There  is  a limit  on  how  many  poles  can  be  put  into  a given  rotor  diameter 
and  how  small  the  stator  slots  can  be  made. 
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It  is  expected  and  will  be  demonstrated  in  detail  later  that  28  pole  pairs 
represent  a reasonable  upper  limit  for  the  number  of  pole  pairs,  because  of 
geometrical  limitations.  This  particular  set  of  curves  was  obtained  for  a 
constant  gap-length-to-pole-pitch  ratio  of  GPTP  = 0. 05.  The  resultant  Xaq 
of  Xaq  = 6. 95  mfl  - 0. 689  p.  u.  is  significantly  reduced  when  compared  to 
the  previous  curves  where  Xaq  was  running  between  14  mil  and  16  mft  or 
1.  389  p.  u.  and  1.  587  p.  u. 

Figure  3-6  shows  the  machine  characteristics  as  a function  of  turns. 
Since  the  input  voltage  is  kept  constant  in  this  case,  it  means  an  increase  in 
ampere  turns  and  thus  a reduction  in  flux  and,  generally,  machine  size. 

The  weight  will  come  down  as  shown  while  the  reactance  level  will  go  up. 

The  allowable  reactance  level  is  determined  by  the  required  dynamic  be- 
havior of  the  machine  and  by  the  amount  of  excitation  that  can  be  packed  into 
the  rotor.  Furthermore,  a high  Xaq  will  result  in  a high  voltage  regulation 
factor  which  will  be  detrimental  to  the  semiconductors. 

Voltage  regulation  is  also  influenced  by  saturation.  Saturation  will  have 
some  negative  influences  on  the  iron  losses  to  the  point  that  saturation- 
induced  harmonic  air  gap  fields  can  significantly  increase  the  iron  losses. 
This  can  only  be  determined  by  a detailed  analysis  of  the  individual  case. 
Based  upon  this,  it  is  judged  that  five  to  six  turns  per  phase  is  a reasonable 
upper  limit  for  this  particular  machine  size,  especially  since  the  rate  of 
weight  decrease  is  significantly  reduced  beyond  this  point. 

The  trade-off  studies  conducted  thus  far  are  summarized  below.  The 
lowest  weight  machine  will  be  obtained  for  the  following  design: 

• Low  rotor  radius.  Limit  determined  by  rotor  dynamics  and 
manufacturing  considerations. 

• High  current  density.  Limit  determined  by  cooling  capability 
and  thermal  insulation  life. 

• High  number  of  poles.  Limit  given  by  manufacturing  considerations. 

• High  number  of  turns  per  phase.  Limit  given  by  saturation  effects 
at  light  load  and  by  voltage  regulation  considerations  as  well  as  by 
dynamic  response  requirements. 

The  next  step  involves  the  performance  analysis  and  detail  considerations 
for  a selected  machine  size.  Based  upon  the  previous  discussions,  a ma- 
chine with  the  parameters  and  characteristics  shown  in  Table  3-3  has  been 
selected  as  a reasonable  candidate. 
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Table  3-3 


SELECTED  MACHINE  CHARACTERISTICS 


Pout,  kW 

29  830 

U rms  L-N,  V 

320 

I rms  per  phase,  A 

30  730 

Phases 

3 

Power  factor,  PF 

1.0 

Frequency,  Hz 

78 

Pole  pairs 

28 

Rpm 

168 

Turns  per  phase 

5 

Xaq,  mJ2 

6. 12  (0.  606  p.  u. ) 

Xsig,  mS2 

0.71  (0.070  p.u.) 

Rotor  radius,  in. 

44 

Outside  frame  diameter,  in. 

98 

Stack  length,  in. 

91 

Length  over  end-turns,  in. 

95 

Weight,  lb 

Total  weight,  lb 

122  500 

EM  weight,  lb 

52  100 

• Magnet  weight,  lb 

8900 

Current  density,  A/in. 

6000 

| Copper  losses,  kW 

554 

Iron  losses,  kW 

90  ) at  full  load 

Total  losses,  kW 

644 

Full  load  efficiency 

0.979 

PERFORMANCE  ANALYSIS 

Performance  of  the  selected  machine  has  been  analyzed  from  three 
different  viewpoints: 

• Constant  speed  operation  (up  to  full  load). 

• Variable -speed  operation  for  given  shaft  power  versus  speed 
characteristic. 

• Overload  capability  at  reduced  speed. 

The  original  analyses  were  done  for  the  unsaturated  machine.  One 
of  the  important  design  criteria  found  that  way  is  the  maximum  output  power 
point.  For  this  particular  machine  size,  it  has  been  found  that,  because  of 
the  high  A/in.  (circumference)  loading  of  the  machine,  the  magnet  length 
has  to  be  increased  over  what  would  be  the  natural  length  (Figure  3-7).  If 


3-13 


GENERAL (0  ELECTRIC 

that  is  not  done,  the  maximum  power  point  appears  at  less  than  full-load 
current,  resulting  in  a machine  design  that  is  not  optimum. 


Natural 

Magnet 

Length 


Pole  Arc 


Figure  3 *7.  Natural  Magnet  Length 


Shrink  Ring 
Magnet 
Pole  Piece 


Adjustment  of  the  magnet  length  resulted  in  a maximum  output  power 
(and  torque)  point  at  full- load  current  of  31  750  A and  unity  power  factor. 
This  is  illustrated  in  Figure  3-8,  which  shows  the  machine  performance 
curves  at  a constant  speed  of  168  rpm.  The  solid  lines  represent  the  un- 
saturated values,  while  the  broken  lines  give  the  saturated  performance 
curves.  The  voltage  is  reduced  because  of  saturation  which  also  decreases 
the  output  power.  Because  of  the  lower  output  power  the  efficiency  is  some- 
what reduced,  notably  so  at  less  than  full- load  current.  At  full-load  cur- 
rent, the  effect  is  minimal. 

1 unsat  = 0>  9786  1 sat  = °-  9782 

As  is  apparent,  saturation  at  the  full- load  point  will  keep  the  motor 
from  reaching  full  power  (2,  8 percent  short).  This  can  be  easily  rectified 
by  increasing  the  magnet  length  somewhat  to  make  up  for  the  increased  ex- 
citation requirements.  A magnet  increase  of  less  than  2.  8 percent  should 
be  sufficient  and  should  cause  no  difficulties  when  constructing  the  machine. 
It  should  be  noted  that,  while  the  iron  losses  comprise  about  11  percent  of 
the  total  losses  in  the  full-load  unsaturated  case  and  13  percent  for  the  sat- 
urated case,  at  half  load  the  iron  losses  account  for  slightly  over  half  of  the 
losses  (50.  3 percent)  in  the  unsaturated  case  and  for  44  percent  of  the  total 
losses  for  the  saturated  machine. 
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Figure  3-9  shows  the  performance  and  the  required  input  quantities  for 
the  machine  when  operated  at  variable  speed  and  an  output  power  which  is 
related  to  the  speed  as  follows: 

Pout  = 6.  29  x rpm3  [W] 


Figure  3-8. 

Permanent  Magnet  Motor 
Performance  at  Constant 
Power  Factor  (PF  = 1.  0) 
and  Speed  (168  rpm) 

(40  000-hp  machine) 


Figure  3-9. 

Permanent  Magnet  Machine 
Performance  for  Pout  = 

6.  29  x Rpm3  (40  000-hp  motor) 
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Generally,  one  would  expect  constant  flux  in  the  machine  (as  is  usually 
the  case  in  a d-c  machine).  However,  as  illustrated  before,  the  decrease 
in  armature  reaction  with  decreasing  current  causes  a significant  increase 
in  flux  up  to  the  level  allowed  by  the  saturation  MMF  requirements. 


For  constant  flux  the  following  relations  are  valid: 

.3 

2 


P ~ rpm 

T = Cj  x P/rpm  ~ rpm* 

T = k j x 0 x la  x cos  (0 , la) 

2 

la  x cos  # (0 , la)  ~ rpm 


Cu 


~ i2~  im 


cos  < (0,  la) 


PFe  ~ * 2 <k2p2  + k3F) 


where: 


0 

cr  k 

PCu 

PFe 

T 

P 

I 


n 


machine  flux 
constants 

copper  losses 

iron  losses 

torque 

power 

current 


Since  at  low  frequencies  the  hysteresis  losses  are  a significant  portion  of 
the  total  iron  losses,  the  iron  losses  will  not  show  the  typical  quadratic 
characteristics  with  changing  frequency  as  is  experienced  at  high  frequencies. 

The  presence  of  the  iron  losses  will  be  felt  especially  at  the  lower  speed 
and  current  levels.  In  general  terms,  the  efficiency  can  be  expressed  as 

iron  losses 

„ = X - ka  rpm  - Vrpm  * kc/rpm2 

(copper  (eddy  (hysteresis) 
losses)  current) 

which  illustrates  this  trend  quite  well,  (k  h are  constants. ) If  the  flux 
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level  increases  because  of  decreased  armature  reaction,  the  iron  losses 
will  be  even  more  significant  at  lower  speed,  torque,  and  current  levels. 

Figure  3-9  shows  the  actual  efficiency  curves  for  both  saturated  and  un- 
saturated conditions.  The  percentage  values  for  the  iron  losses  in  terms  of 
the  total  losses  are  given  in  Table  3-4. 

Table  3-4 

IRON  LOSSES  IN  PERCENT  OF  TOTAL  LOSSES 


Rpm 

Saturated 

Unsaturated 

168 

13.6 

13.0 

140 

43.0 

27.0 

90 

70.9 

53.1 

60 

86.5 

1 

73.  2 

Because  the  iron  losses  a»*e  percentage  wise  lower  for  the  saturated  case, 
the  actual  machine  will  show  a better  efficiency  at  low  speeds  than  calculated 
for  the  unsaturated  machine,  as  illustrated  in  Figure  3-9. 

So  far,  the  performance  characteristics  have  covered  variable  speed 
and  constant  speed  performance  up  to  rated  torque  at  168  rpm.  If  should  be 
pointed  that  at  unity  power  factor  the  rated  load  also  represents  the  maxi- 
mum load  capability  of  the  machine.  The  reason  for  this  lies  in  the  arma- 
ture reaction  which,  with  increasing  current,  will  demagnetize  the  magnets 
and  reduce  the  air  gap  flux  in  such  a way  that  beyond  the  full-load  point  the 
voltage  will  decrease  faster  than  the  current  will  increase. 

If  the  load  capability  has  to  be  increased,  either  the  magnet  length  has 
to  be  made  bigger  or  the  armature  reaction  has  to  be  reduced.  The  change 
in  magnet  length  requires  a larger  machine  in  general.  The  reduction  of 
armature  reaction  can  be  affected  electrically  by  changing  the  operating 
power  factor.  A lagging  power  factor  means  that  magnetizing  energy  is  fed 
into  the  machine  to  partially  offset  the  demagnetizing  action  of  the  armature 
reaction.  Since  the  output  power  is  to  stay  constant,  this  requires  an  in- 
crease in  input  voltage  and  current.  A reduction  in  efficiency  will  also  re- 
sult since  the  I^R  losses  will  increase. 

This  technique  is  mostly  suited  to  cover  overload  conditions  such  as  the 
150  percent  torque  requirements  for  this  machine.  To  carry  this  150  per- 
cent torque  requirement  to  full  speed  would  require  an  increased  VA  capa- 
bility of  the  generator.  If  the  VA  capability  of  the  generating  machine  is 
not  to  exceed  the  requirements  at  full  load  and  unity  power  factor  operation 
(on  the  motor  side),  the  150  percent  torque  capability  is  limited  to  somewhat 
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leas  than  of  fully  rated  speed.  The  exact  speed  limitation  will  have  to 
be  analyzed  later  for  the  complete  generator-cycloconverter-motor-system. 

Figure  3-10  illustrates  (unsaturated  only)  the  motor  input  and  output 
chairacteristics  for  100  percent  to  150  percent  torque  at  2/3  rated  speed. 

The  100  percent  torque  point  at  unity  power  factor  is  equivalent  to  a 20  MW 
output  at  112  rpm.  Tc  achieve  150  percent  torque,  the  current  will  increase 
to  150  percent  rated  current  while  the  voltage  will  increase  from  216  V to 
234  V (1, 083).  The  power  factor  will  have  to  be  adjusted  (phase-angle  con- 
trol through  shaft-position  control)  to  0.  94  lagging.  Thus,  the  input  power 
requirement  at  that  point  is  30  MW  at  234  V and  0. 94  lagging  power  factor. 


I 
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Figure  3-10. 

Permanent  Magnet  Motor 
Overload  Performance  at 
112  Rpm  (40  000-hp  machine) 


MECHANICAL  DESIGN  CONSIDERATIONS 


The  computer  program  utilized  to  perform  the  trade-off  studies  per- 
forms only  a generalized  mechanical  design.  A detailed  printout  of  the  pro- 
gram for  the  selected  machine  is  shown  in  Figure  3-11.  The  calculated 
weights  are  of  specific  interest.  It  is  worth  noting  that  the  electromagnetic 
weight  of  the  machine  (ELM)  is  52. 1 klb,  which  is  about  43  percent  of  the 
total  weight;  the  bearings,  weighing  almost  37  klb,  contribute  rather  heavily 
to  the  total  weight  of  122.  5 klb. 

The  rotor  construction  is  shown  in  Figure  3-12.  Figure  3- 12a  shows  a 
portion  of  the  axial  cross  section  with  the  proposed  wedging  and  dove  tail 
construction  which  is  aided  by  through-bolts  in  the  center  of  the  pole-piece 
laminations.  A stress  analysis  of  the  wedge  construction  shows  a stress 
level  of  leys  than  1500  psi  in  the  pole  tip  section  at  168  rpm.  This  is 
considered  extremely  low.  The  low  centrifugal  forces  exerted  by  the 
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INDIVIDUAL  PRINTOUT  FOR  PM-MACHINES<M> 


ELECTRICAL  DATA 
TERM  VOLT  320.3 

GAP  VOLT  315.2 


TERM  KW  30472.0 
SHFT  KW  0. 


PHASE 

CUR  31727 

.4 

RPM 

168. 

X 8 1 G 

0.71 03E-03 

FL 

0. 

BMG 

0 . 5997E-03 

PP 

28. TURNS 

XAQ 

0.611 5E-02 

DELTA 

0.531 

BMT 

0. 1 199E-02 

PUPA 

0.36  PHAS 

XQ 

0 . 6826G-02 

GAMA 

0.603 

BNP 

0. 1 100E-02 

GAP 

0.296CIR 

RW 

0. 1 833E-03 

COSD 

0.862 

BMY 

0. 1000E-02 

GAEF 

0.311  TPC 

PLE 

0.1564E  01 

SI 

720.00 

CD 

6000 . 00 

KPKD 

0 . 9 58  S F 

KM 

1 .4233 

KFI 

0.9837 

CAO 

0.6271 

KF 

0.92 

DIMENSIONS 

STATOR 


RIS 

44.296 

RBS 

46.338 

ROS 

47.450 

ODFR 

97.900 

HI 

90.859 

OLEM 

94.809 

OLEC 

152.986 

OLMF 

1 55.986 

HY 

1.112 

TPP 

4 . 937 

CWDG 

9.122 

TS 

0.387 

WS 

0.176 

HSI 

1 .892 

HST 

0.150 

ROTOR 

RR 

44.000 

R ! R 

40.109 

THR 

0.340 

THH 

1.500 

OLER 

97.219 

OLEE: 

152.986 

OLMS 

208.753 

DEARINGS& SHAFT 

DSHFT 

MAGNETS 

27.883 

ODE: 

55.767 

DIS 

22.307 

BR  0. 

000540 

MYR 

1 .050 

LM 

2.835 

HM 

2.051 

WEIGHTS 


CU 

7315 

. SHR.  R. 

2535. 

BEAR 

36777. 

CORE 

17193 

. POL.  P. 

5755 . 

SHFT 

9604. 

FRAME 

19668 

. MAGNETS 

8878. 

ROTOR 

55588 . 

ENDS 

4317 

. HUB 

10427. 

STAT 

66882. 

££AJH 

52103 

. ROT  EM 

27595. 

TOT 

122470. 

LOSSES 

PCU 

553.7 

PFET  59276 

PFES 

3 1017. 

0 PFE 

90.3  PTOT 


Figure  3-11. 


Computer  Printout  for  Selected 
40  000-hp  Machine 
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Figure  3-12.  Permanent  Magnet,  40  000-hp,  168.  rpm  Motor, 

Left:  Axial  Cross  Section  of  Rotor  (Detail  Segment). 
Right:  Detail  of  Rotor  Hub. 
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magnet-pole- piece  assembly  allows  a hub  construction,  as  shown  in  Figure 
3- 12b,  which  weighs  significantly  less  than  the  1.  5-in,  -thick  ring  assumed 
in  the  computer  program.  The  magnet  assembly,  which  is  similar  to  all 
four  permanent  magnet  machines  considered,  has  already  been  discussed. 


The  rotor  will  consist  of  ten  identical  rings;  a partial  cross  section  is 
shown  in  Figure  3-12.  The  rings  will  be  positioned  by  a rabbet  construction 
and  held  together  by  bolts  through  the  inside  flanges  and  the  above-mentioned 
through-bolts.  The  two  end  rings  will  overhang  the  rotor  end  bells  (a  ring- 
spoke  construction),  as  shown  in  Figure  3-13,  which  will  be  bolted  to  the  two 
shaft  extensions.  The  drive-end  shaft  extension  has  been  dimensioned  (25. 6- 
in.  o.d.)  for  a stress  of  10  000  psi  at  rated  torque.  The  drive-end  bearing 
is  a force-lubricated,  straight  sleeve  bearing  as  used  in  commercial  d-c 
motors. 


JLsrzzJL^J 


105.0  In, 
Dia 


97. 5 In.  Dia  [ 


88. 0  In.  Dia 


77. 0  In.  Dia 


ill 
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Figure  3-13. 


Detail  of  Rotor  End  of  Permanent  Magnet, 
40  000-hp,  168-rpm  Motor 


The  antidrive-end  shaft  and  bearing  also  provide  for  locating  the  rotor 
axially.  The  shaft  is  dimensioned  so  that  at  a shock  load  of  25  g it  can  sup- 
port cne-half  of  the  total  rotor  weight  at  an  approximate  stress  level  of  60 
kpsi,  The  weight  analysis  of  the  rotor  parts,  based  upon  the  changes  dis- 
cussed above,  are  shown  in  Table  3-5.  The  total  weight  of  the  rotor  is 
significantly  reduced  compared  to  the  trade-off  results  which  for  the  rotor, 
the  shaft  extensions,  and  the  bearings  amounted  to  83  581  lb. 
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Table  3-5 


WEIGHT  DETAILS 
(In  Pounds) 


Drive  End 

Shaft 

4650 

Bearing 

4500 

End  bell 

1750 

Rotor 

Hub 

6800 

Magnets 

8878 

Polepiece  and 

wedges 

8290 

Missal 

637 

Antidrive  End 

Shaft 

1025 

Bearing 

4000  (Kingsbury  FF23) 

End  bell 

2700 

Total  Rotor 

45  000 

The  mechanical  design  of  the  stator  will  have  to  consider  the  cooling 
aspects  of  the  windings  and  the  core  as  well  as  the  support  for  the  stator 
core.  It  is  anticipated  that  water  or  oil  cooling  will  have  to  be  used  for  this 
application.  The  conductors  in  the  slots  are  not  large  enough  to  warrant 
hollow- conductor  cooling.  The  frequency  at  78  Hz  will  cause  high  conductor 
eddy  current  losses  in  large  conductors.  A cooling  jacket  around  the  out- 
side of  the  laminations  is  impractical  because  a low  temperature  differential 
between  the  laminated  core  and  the  heat  sink  requires  significant  pressure 
levels  between  these  two  parts,  which  is  difficult  to  achieve  with  segmented 
punchings.  Thus,  it  is  planned  to  have  cooling  pipes  in  the  bottom  of  the 
slot  and  in  various  sections  of  the  core.  This  will  result  in  an  increase  in 
the  outside  punching  diameter  and  the  weight. 

Fastening  the  laminations  to  the  steel  frame  will  be  done  by  dovetail 
construction.  To  accommodate  this,  the  yoke  height  has  to  be  increased 
in  order  to  avoid  local  saturation  in  the  yoke.  The  space  between  the  dove- 
tails allows  for  additional  holes  in  the  laminations.  These  additional  holes 
will  be  used  for  through-bolts  to  keep  the  core  under  axial  pressure  and  for 
additional  cooling  pipes  to  take  care  of  the  iron  losses.  The  through-bolts 
will  terminate  in  press -plates  which  are  added  to  the  end  of  the  core.  These 
plates  will  also  be  mounted  to  the  frame.  The  frame,  when  made  out  of  a 
0.  5-in.  -thick  steel  shell  with  reinforcing  ribs  welded  to  the  outside,  will  be 
more  than  strong  enough  to  carry  the  stator  weight  and  the  electromagnetic 
forces.  Steel  end  caps  will  protect  the  winding  end  turns,  as  shown  in 
Figure  3-14  which  pictures  the  complete  machine.  The  frame  is  mounted 
to  the  machine  base  separately  from  the  bearings. 
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105.0  In. 
Dla 


Figure  3-14.  Permanent  Magnet,  40  000-hp,  168-rpm 

Propulsion  Motor  (Total  weight:  89  000  lb) 


The  frame  construction  and  core  changes  resulted  in  new  weights  and 
dimensions. 


Weight 

(lb) 


Frame 

11 

099 

Core 

22 

433 

Copper 

7 

315 

Caps 

1 

900 

Connections,  etc. 

1 

253 

Total  Stator  44  000 


The  maximum  dimensions  of  the  machine  are: 

Dimensions 

(in.) 

Maximum  diameter  105 

Maximum  length  of  frame  106 

Maximum  length  of  machine  185 
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The  total  weight  of  the  machine,  which  has  been  designed  in  more  detail  than 
the  trade-off  program  allows,  amounts  to: 

Weight 

(lb) 

Rotor  weight  45  000 

Stator  weight  44  000 

Total  machine  weight  89  000 

20  000-HP  GENERATOR 

TRADE-OFF  CONSIDERATIONS 


The  input  requirements  for  the  20  000-hp  generator  are  found  by  com- 
bining the  input  requirements  of  the  motor  with  the  efficiency  and  power 
factor  of  the  cycloconverter.  Since  there  are  practically  no  current  losses, 
one  generator  will  have  to  supply  one -half  of  the  full- load  motor  current, 
(Note:  The  voltage  and  current  level  are  chosen  strictly  for  illustrative 
purposes;  they  are  not  the  final  values. ) The  final  values  will  be  chosen 
according  to  the  cyc.loconverter  requirements  and  the  number  of  turns  per 
machine  phase  adjusted  accordingly.  The  same  procedure  is  followed  to  ac- 
count for  the  voltage  change  due  to  the  selected  cycloconverter  connection. 
The  voltage  numbers  used  in  the  design  do  not  reflect  the  final  generator 
voltage. 

I = 16  000  A 

U = 320/0.  98/0.  86  = 380  V 

Where  0.  98  is  the  converter  efficiency  and  0,  86  the  generator  power  factor. 
Parameters  being  altered  for  the  trade-off  studies  are,  as  before,  for  the 
40  000-hp  motor. 


Turns  per  phase 

Turns 

Rotor  radius 

RR 

Number  of  pole  pairs 

P 

Current  density 

CD 

Gap-to-pole-pitch  ratio 

GPTP 

Per  unit  pole  arc 

PUPA 

From  the  40  000-hp  motor  study  it  was  learned  that  in  a high  flux  ma- 
chine the  influence  of  current  density  is  very  small.  Thus,  an  optimum  cur- 
rent density  for  full  load  has  been  chosen  as  CD  = 6000  A/in.  2.  The  gap-to- 
pole-pitch  ratio  has  been  selected  as  large  as  possible  (limits  due  to  pole- 
form  coefficient  taken  from  a limited  curve),  because  the  reactance  level, 
basically  the  commutating  reactance,  of  the  generator  has  to  be  quite  low  for 
successful  interfacing  with  the  cycloconverter. 
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The  trends  resulting  from  the  computer  trade-off  studies  (Table  3-6) 
are  as  expected:  an  increase  from  two  to  three  turns  per  phase  and  an  in- 
crease in  the  number  of  pole  pairs  from  six  to  eight  reduce  the  size  and  the 
weight  but  also  increase  the  commutating  reactance  of  the  machine. 

However,  these  trade-off  calculations  do  not  take  into  consideration 
the  rotor  stress  limitations.  A quick  assessment  utilizing  previously  pre- 
pared stress  factor  calculations  shows  that  those  machines  with  three  turns, 
for  example,  and  a rotor  shrink  ring  thickness  of  0. 25  in.  experience  rotor 
stresses  at  top  speed  of  more  than  200,  000  psi,  which  according  to  previous 
experiences  (Ref.  1)  are  too  high. 

Table  3-6 

RESULTS  OF  TRADE-OFF  STUDIES  FOR  20  000-HP  GENERATOR 


Weight,  klb  IS.  9 12. 4 

Rotor  Radius,  In.  14.  S 14, 5 

Pole  Pairs  6 8 

Turns  2 2 

Xaq,  p.u.  0.444  0.445 

HI,  In.  40. 1 38. 9 


12.3  11.4  11.9  10.7  10.8 

10.0  10.0  14.5  14.5  10.0 

6 8 6 8 6 

2 2 3 3 3 

0.679  0.673  0.653  0.647  1.013 
57.  1 57.6  28.1  28.3  35.8 


10. 3 10. 6 10. 1 10. 7 9. 72 

10.0  13.0  14.5  11.5  11.5 

8 6 8 6 8 

3 4 4 4 4 

1.017  1.005  0.854  1.102  1.14 

40. 9 24. 1 22. 5 31.  1 27. 9 
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The  stress  in  the  rotor  shrink  ring  (Figure  3-15)  are  calculated  in  (the 
following)  simplified  fashion.  It  is  assumt  at  the  shrink  ring  carries  the 
full  load  of  magnets  and  pole  pieces  which  ex  ■ a uniform  pressure  to  the 
inside  of  the  ring.  This  assumption  is  only  va  if  the  shrink  ring  is  pre- 
stressed in  such  a fashion  that  the  magnet  pole  „ u ce  assembly  is  under  com- 
pression up  to  the  maximum  allowable  speed.  The  stress  then  is  a function 
of  outside  rotor  radius  (RR),  shrink  ring  thickness  (THR),  magnet  height  in 
the  radial  direction  (HM)  rotor  speed  (rpm),  and  specific  weights  of  the 
materials  utilized, 

a = (rpm  x RR)2  • 0.  71006  x l(f  5 x Ks 

where:  rpm  is  in  revolutions  per  minute 

RR  is  in  inches 

Ks  is  a stress  factor  dependent  upon  the  geometry  and  the  material  densities. 
Expressing  the  ratio  of  the  inside  radius  (RM)  of  the  shrink  ring  to  the  out- 
side radius  as  x 

*_RM 

RR 

and  the  inside  radius  of  the  magnet  assembly  (RIM)  to  the  inside  radius  of 
the  shrink  ring  as  y 


one  can  plot  Ks  for  given  material  densities  as  a function  of  x and  y as  shown 
in  Figure  3-16.  Using  these  curves,  one  can  determine  the  maximum  allow- 
able Ks  as  a function  of  rotor  radius.  With  the  aid  of  Ks,  the  maximum 
allowable  magnet  height  (HM)  can  be  determined  for  different  shrink  ring 
thicknesses.  Table  3-7  shows  the  allowable  HM  values  for  the  radii  con- 
sidered and  for  x = 0.  98  and  x = 0.  97.  These  restrictions  narrow  the  choice 
of  generator  candidates  down  significantly. 

Table  3-7 

ALLOWABLE  SHRINK  RING  THICKNESS  AND  MAGNET  HEIGHT  FOR 

SELECTED  ROTOR  RADH 


RR,  In. 

14.5 

13 

11.5 

10 

THR,  in. 

0.  29 

0.  26 

0.  26 

0.  20 

HM,  in. 

1.  93 

2.  29 

2.85 

3.  76 

THR,  in. 

0.  435 

0.  390 

0.345 

0.  300 

HM,  in. 

3. 18 

3.88 

5.31 

76.0 

Magnet  Assembly 

Shrink  Ring 

Material  properties 

Poisson  Ratio 

0.3 

0.316 

Density 

0.3 

0. 297  lb/in. 3 

Rpm  = 3600 
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Figure  3-16. 

Stress  Factor  Ks  Versus  y at 
Two  Values  of  x 


The  thinner  shrink  ring  (x  = 0.  98)  reduces  the  maximum  allowable  rotor 
radius  at  three  turns  per  phase  but  results  in  the  lowest  possible  weights. 

A thicker  shrink  ring  (x  = 0, 97)  makes  it  possible  to  use  the  machines  with 
a larger  rotor  radius  and  three  turns  per  phase  which  tend  to  have  lower  re- 
actance levels,  as  illustrated  in  Figure  3-17  but  higher  weights.  Lowering 
the  number  of  turns  will  allow  smaller  magnets  because  of  reduced  armature 
reaction.  This  results  in  lower  reaction  levels  as  well  as  increased  weights. 
Table  3-8  lists  possible  machine  configurations  for  three  selected  numbers 
of  pole  pairs.  From  these  results,  curves  have  been  plotted  which  give  a 
relationship  between  weight  and  reactance  level,  as  shown  in  Figure  3-18. 


j a 

7tp, 

I 


f 10 


s' 

o.e  , 
! 

0. 5 (3 

I 

£ 

0.4  | 

(55 


°rN — 


THR  Shrink  Rti*  Thiekitot 


12 

R (in.) 


3-26 


Figure  3-17. 

Machine  Parameters  Versus 
Rotor  Radius,  R,  for  20  000-hp, 
12-pole,  3600-rpm  Generator 
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Figure  3-18, 

Weight  Versus  Synchronous 
Reactance,  q Axis,  for 
Permanent  Magnet,  20  000-hp, 
3600-rpm  Generator 


oil  ii r- 

0 0.  2 0.4  0.  6 0.  8 

Xaq  (p,  u. ) 


Table  3-8 

POSSIBLE  GENERATOR  CONFIGURATIONS 


Pole 

Pairs 

Turns 

Rotor 

Radius 

(in.) 

THR 

(in.) 

Pole 

Arc 

(in.) 

Xaq 
(p.  u., ) 

Weight 

(klb) 

6 

2 

10.0 

0.  20 

0. 56 

0.  56 

12.3 

6 

2 

11.5 

0.  23 

0.56 

0.  49 

12.5 

6 

2 

13.0 

0.  26 

0. 44 

0.  38 

13.3 

6 

2 

14.5 

0.  435 

0. 56 

0.  35 

14.3 

7 

2 

10.0 

0.  20 

0.  56 

0.  56 

11.8 

7 

2 

11.5 

0.  23 

0.52 

0.  46 

12.2 

7 

2 

13.0 

0.  26 

0.52 

0.  41 

12.4 

7 

2 

14.5 

0.  435 

0.52 

0.  36 

13.4 

8 

2 

10.0 

0.  20 

0. 60 

0.  59 

11.4 

8 

2 

11.5 

0.  23 

0.  56 

0.  48 

11.6 

8 

2 

13.0 

0.  26 

0. 48 

0.  39 

12.2 

8 

2 

14.5 

0.  29 

0. 44 

0.33 

12.7 

So  far  the  synchronous  reactance  in  the  quadrature  axis  (Xaq)  has  been 
taken  as  representative  for  the  commutating  reactance  level,  since  it  is 
most  easily  calculated.  Actually  the  leakage  reactance,  the  synchronous 
reactances  in  both  axes  as  well  as  any  amortisseur  reactances  on  the  rotor, 
representing  tike  magnetic  energy  of  any  currents  either  in  the  solid  rotor 
surfaces  or  in  possible  amortisseur  cages,  enter  into  the  commutating  re- 
actance calculation. 
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A high-speed  solid  rotor  is  more  easily  built  without  an  amortisseur 
cage.  In  that  case,  the  commutating  reactance  will  be  quite  close  to  the 
average  value  of  the  two  synchronous  reactances,  since  the  effective  amor- 
tisseur reactance  of  the  solid  pole  pieces  is  quite  high  because  of  poor 
coupling  and  high  resistance.  Thus,  in  order  to  maintain  the  required  low 
level  of  commutating  reactance  the  synchronous  reactance  level  has  to  be 
kept  low.  For  this  case,  it  is  considered  necessary  to  keep  X~q  within  the 
range  of  Xaq  < 0, 4 p.  u.  The  eight-pole -pair  machine  for  this  case  would 
have  the  following  characteristics: 


p 

8/F  = 480  Hz 

Turns 

2 

Xaq 

0.  39  p,  U„n 

Weight 

12.  2 x 1013  lb 

THR 

0.  26  in. 

RR 

13.  0 in. 

A seven-pole-pair  machine  would  have  the  following  characteristics: 


P 

7/F  = 420  Hz 

Turns 

2 

Xaq 

0.  39  p.  u,  o 

Weight 

12.  5 x 10J  lb 

THR 

0.  26  in. 

RR 

13.  0 in. 

A comparable  six-pole -pair  machine  would  weigh  about  13.  3 > 10 


3 


lb. 


If  an  amortisseur  cage  is  added  to  the  rotor,  which  can  be  done  at  the 
expense  of  rotor  complexity  and  cost,  a higher  synchronous  reactance  level 
can  be  allowed.  The  actual  level  cannot  be  predicted  yet  since  a detailed 
analysis  beyond  the  scope  of  this  program  is  necessary.  However,  it  appears 
that  a synchronous  reactance  level  corresponding  to  Xaq  = 0.  66  p.  u.  could 
be  tolerated.  The  seven-pole-pair  machine  would  feature  the  following 
characteristics: 


P 

7/F  = 420  Hz 

Turns 

3 

Xaq 

0. 66  p.  U.n 

Weight 

10.  5 x 10d  lb 

THR 

0.  23  in. 

RR 

11.  5 in. 

A comparable  eight-pole -pair  machine  would  weigh  10.  2 x 10'  lb.  The 
comparable  six-pole-pair  machine  (F  = 360  Hz)  would  have  the  following 
characteristics: 


3-28 


GENERAL^  ELECTRIC 


p 

6/F  = 360  Hz 

Turns 

3 

Xaq 

0.  66  P«  U.  q 

Weight 

10.  9 x 10°  lb 

THR 

0.  26  in. 

RR 

11.  5 in. 

Because  of  the  frequency  requirement  established  for  the  cycloconverter 
(F  = 360  Hz),  emphasis  will  be  put  on  the  six-pole-pair  (12-pole)  machine. 
The  selection  of  360  Hz  over  480  Hz  (six  pole  pairs  versus  eight)  carries,  at 
three  turns,  a weight  penalty  for  the  generator  of  roughly  700  lb. 

PERFORMANCE  ANALYSIS 


As  pointed  out  previously,  the  motor  requires  150  percent  torque  at 
reduced  speed  which  at  the  time  was  set  at  67  percent  of  rated  speed.  At 
that  point,  the  motor  power  requirement  amounts  to  33. 7 MVA  at  a power 
factor  of  cos  0 = 0. 94  and  a voltage  of  1. 083  of  rated  voltage  at  that  reduced 
speed.  Taking  the  cycloconverter  losses  of  562  kW  at  150  percent  current 
and  the  power  factor  of  the  cycloconverter  into  consideration,  one  finds  that 
the  generator  power  capability  at  150  percent  current  amounts  to  39.  8 MVA 
at  a power  factor  of  cos  0 = 0.  81  and  a voltage  of  276  V. 

A quick  check  of  «,he  performance  curves  at  3600  rpm  for  the  selected 
12-pole  machine  indicates  that  at  150  percent  current  (or  24  000  A per 
phase)  the  output  voltage  will  be  down  to  59  V per  phase;  this  machine  will 
have  sufficient  output  at  16  000  A but  not  at  24  000  A.  The  reason  for  the 
rapid  fall-off  of  the  voltage  is  the  limited  excitation  built  into  the  rotor  in 
connection  with  the  high  armature  reaction.  Magnet  length  can  be  increased 
somewhat  but  not  enough  to  raise  the  voltage  at  24  000  A current  significantly. 
Armature  reaction  can  be  reduced  by  decreasing  the  number  of  turns  per 
phase  which  also  reduces  the  reactance  level. 

A design  was  done  for  six  pole  pairs,  two  turns  per  phase  and  a magnet 
length  increased  to  30  percent  above  the  natural  magnet  length  as  determined 
by  Figure  3-19.  The  voltage  at  24  000  A and  0.  81  PF  amounts  to  269  V per 
phase,  just  short  of  the  required  276  V.  An  additional  increase  in  magnet 
length  would  theoretically  increase  the  voltage;  but,  practically,  this  would 
not  help  because  the  rotor-pole  piece  would  saturate.  One  would  have  to  go 
to  one  turn  per  phase  to  achieve  the  goal  of  276  V.  This  would  result  in  a 
significant  weight  penalty  for  the  generator,  which  in  the  two  turn  per  phase 
version  is  already  heavier  than  the  three  turn  per  phase  version,  as  indi- 
cated below: 
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P 

Turns 

Xaq 

Weight 

THR 

RR 


6/F  = 360  Hz 
2 

0.  334  p.  u.o 
14. 18  x 10°  lb 
0. 435  in. 

14.  5 in. 


Natural 

Magnet 

Length 


Polti  Arc 


r~h 


Shrink  Ring 


Magnet 


Pole  Piece 


Figure  3-19.  Natural  Magnet  Length 

To  consider  six -pole-pair  machines  for  smaller  diameters  will  result 
in  a machine  that  will  not  provide  sufficient  overload  voltage  capability,  be- 
cause the  current  loading  per  inch  of  rotor  circumference  will  increase, 
which  is  the  underlying  factor  for  the  reactance  dependence,  and  require 
more  magnet  magnetization  force  than  for  a larger  rotor  diameter. 

Because  of  the  slight  voltage  shortcoming  of  the  generator,  150  percent 
current  and  therefore  motor  torque  will  be  possible  up  to  65  percent  speed 
rather  than  66. 7 percent  (109  rpm).  This  seems  to  be  acceptable  from  the 
overall  system  point  of  view. 

The  next  step  involves  the  system  performance  at  a cruise  speed  of  90 
rpm.  At  this  point,  one  motor  requires  8200  A.  Thus,  one  generator  can 
supply  the  two  motors  at  a generator  current  of  16  400  A per  phase.  The 
motor  input  voltage  has  been  found  to  be  Um  = 190  V per  phase  (saturated). 
The  comparable  voltage  level  at  the  generator  would  be  225  V. 

The  generator  output  power  at  225  V,  16  400  A cos  0 = 0.  86  (lead)  is 
9505  kW  or  12  750  hp.  The  input,  except  friction  and  windage,  amounts  to 
12  911  hp  (n  = 0. 987).  In  addition,  one  has  to  add  20  hp  for  journal 
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bearing  friction  losses  (n  - 0. 015,  weight  of  rotor  7000  lb,  3600  rpm,  6.  59 
in.  shait  diameter)  and  11  hp  for  windage  losses  at  3600  rpm  for  a total  of 
~ 12  950  hp.  According  to  specific  fuel  consumption  curves  for  the  LM2500 
marine  turbine,  the  speed  for  optimum  fuel  consumption  at  12  950  hp  is 
around  2800  rpm  (SFC  = 0.45  lb  total  hp-hr).  The  change  in  friction  and  wind 
age  losses  is  small  compared  to  the  total  power,  thus  it  will  be  neglected. 

Performance  computations  for  variable  leading  power  factor  at  2800  rpm 
indicate  that  at  a power  factor  of  Cos  <p  = 0. 73  leading  the  generator  will  pro- 
vide the  proper  output  power.  The  output  voltage  of  the  cycloconverter  will 
be  reflected  to  the  generator  at  a value  of  267  V.  The  efficiency  of  the  gen- 
erator will  be 


h el  = °*  9fi5 


77  tot  ~ 


0.  984 


This  is  slightly  lower  by  about  0. 002  than  the  efficiency  the  generator  would 
achieve  if  voltage  matching  would  be  done  by  speed  reduction  rather  than  by 
power  factor  adjustment.  Since  a reduction  in  turbine  speed  would  result  in 
a significantly  poorer  specific  fuel  consumption,  voltage  regulation  by  power 
factor  adjustment  is  preferred  over  voltage  adjustment  by  speed.  It  should 
be  noted  that  the  small  change  in  efficiency,  when  changing  power  factor,  is 
due  to  the  fact  that  the  iron  losses  represent  the  major  portion  of  the  losses. 

So  far,  all  of  the  considerations  have  dealt  only  with  the  unsaturated 
generator.  To  illustrate  the  saturated  case  the  same  procedure  has  to  be 
used,  with  the  present  design  tools,  as  for  the  40  000-hp  motor.  This  has 
not  been  done  for  this  case  because:  1)  the  general  trends  are  not  changed 
significantly  by  saturation,  and  2)  a slight  increase  in  magnet  length  can 
compensate  for  the  saturation,  as  shown  before,  without  influencing  the 
total  machine  weight.  Furthermore,  the  saturation  is  less  effective,  in  the 
case  of  the  load  requirements,  at  the  cruise  load  point  where  a reduction  in 
power  factor  is  used  to  reduce  the  output  voltage  and  thus  the  saturation 
level  by  means  of  increased  effective  armature  reaction. 

To  summarize  the  performance  considerations,  it  should  be  pointed  out 
that  the  machine  (the  major  parameters  are  listed  in  Table  3-8)  will  meet 
the  requirements  of  the  operation  as  follows:  at  full  speed  of  3600  rpm  and 
full  load  of  16  000  A per  phase  at  0.  86  power  factor  leading,  the  input  to  the 
generator  is  15.  89  MW  or  21  300  hp  for  a total  efficiency  of  98.  68  percent 
including  23  kW  of  friction  and  windage  losses. 

This  machine,  the  magnet  length  which  has  been  increased  by  30  per- 
cent over  the  natural  length  as  deterr  by  the  chosen  pole  arc  of  44  per- 
cent, will  supply  150  percent  current  leading  power  factor  of  0.  81  and  a 
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Table  3-9 

MAJOR  GENERATOR  PARAMETERS 


Speed 
Poles 
Frequency 
X sig 

Rotor  diameter 
Stack  length 


3600  rpm 
12 

600  He 
4. 1 percent 
29. 0 in. 

44. 4 in. 


Three  phases 

Two  turns  per  phase 

C-ap  0.  456  in. 

Xaq  33.  4 percent 

Stator  base  29.  9 in. 


maximum  generator  speed  of  3600  rpm  up  to  about  65  percent  motor  speed 
for  the  crashbaek  reversal  maneuver.  The  input  power  requirements  are 
21  400  hp  at  a generator  efficiency  of  98.  55  percent. 

At  a cruise  point  of  90  rpm  motor  speed,  the  drive  turbine  will  operate 
at  2800  rpm  for  optimum  fuel  consumption  and  supply  12  950  hp  to  the  gener- 
ator which  will  convert  this  mechanical  input  power  to  electrical  output  pow- 
er at  an  efficiency  of  98.  4 percent.  The  power  factor  of  the  generator  will 
be  0.  73  leading  because  of  the  voltage  regulation  in  the  cycloconverter  to 
match  the  required  motor  input  voltage  at  that  point. 

The  generator  efficiency  does  not  change  very  much  for  those  three 
points,  because  the  iron  losses  are  the  major  portion  of  the  generator  losses. 

MECHANICAL  DESIGN  CONSIDERATIONS 


As  explained  for  the  40  000-hp  motor,  the  design  trade-off  computer 
program  utilizes  a generalized  mechanical  design  to  accomplish  the  tradeoff 
calculations.  In  this  section,  the  design  will  be  detailed  to  a point  that  a lay- 
out can  be  drawn  and  a more  exact  weight  prediction  can  be  made. 

The  drive-end  shaft  diameter,  as  required  by  ship  building  rules,  at 
16  000  hp  and  3600  rpm  amounts  to 

~ 3 / 64  x 20  000  „ „ 0 

D - sj — 5B7J5 7-2in- 

The  antidrive-end  shaft,  which  basically  supports  the  rotor  and  carries  the 
thrust  bearing,  has  a diameter  of  5. 4 in.  At  present,  the  design  (Figure 
3-20)  calls  for  tin  drive-end  bearing  to  be  a straight  journal  bearing  and  the 
antidrive-end  bearing  to  be  a combined  journal  and  thrust  bearing.  Ball  and 
roller  bearings  could  also  be  considered  for  this  generator,  which  would 
result  in  somewhat  lower  bearing  friction  losses  and  some  weight  reduction 

(Wi  1000  1b). 
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54. 0 In. 
44.4  In. 


. • 


Journal  and  Thrust 
Bearing 


irw; 

f '•?;  Journal  Bearing 
1 !'l  (Kingsbury  L-I.2 
or  Equivalent) 


40. 5 In.  Dfa 


95.0  In. 


Figure  3-20.  Permanent  Magnet,  20  000-hp,  3600-rpm 
Generator  (13  000  lb) 


The  rotor  consists,  as  does  the  40  000-hp  motor  rotor,  of  a combina- 
tion of  rotor  ring  assemblies  bolted  together  to  form  the  rotor,  and  sup- 
ported by  a spider  construction  which  connects  to  the  corresponding  3haft 
extensions.  The  spider  portions  carry  an  aluminum  shield  in  order  to  mini- 
mize rotor-end  windage  losses  which,  with  open  rotor  and  spider  construc- 
tion, could  be  significant  at  3600  rpm. 


Each  rotor  ring  consists  of  a hub,  the  magnet-pole  piece  ring  assembly, 
and  the  supporting  shrink  ring  (Figures  3-21  and  3-22).  The  hub  has  to  be 
made  from  nonmagnetic  material  such  as  any  of  the  300  series  stainless 
steels.  The  pole  pieces,  made  from  magnetic  steel,  are  wedged  between 
the  magnet  packs  which  are  basically  5.  342  in.  in  the  direction  of  magnet- 
ization (parellel  with  the  circumference)  and  have  an  axial  ring  length  of 
4.  437  in.  by  2. 470  in.  in  cross  section.  A high-strength  shrink  ling  welded 
together  from  Inconel  718* **  (as  a nonmagnetic  material)  and  CTX1A*  (as  a 
magnetic  material  capable  of  shrink  ring  stresses  in  excess  of  150, 000  psi) 
will  hold  the  magnet-pole  piece  assembly  together  up  to  the  required  over- 
speed. The  shrink  ring  is  assembled  to  the  rotor  ring  with  an  interference 
fit  sufficient  to  maintain  a compression  level  in  the  rotor  ring  from  stand- 
still to  overspeed,  thereby  avoiding  any  stress  concenti  ationf . During  this 
assembly,  the  magnets  will  be  demagnetized.  Magnetization  will  take  place 
after  each  ring  has  been  completed, 

* Trademark  of  the  International  Nickel  Company 

**  Trademark  of  the  Carpenter  Technology  Corporation 
t Air  Force  Aero-Propulsion  Laboratory,  150  kVA  Samarium 

Cobalt  VSCF  Starter  Generator  Electrical  System  (Phase  l),  F.eport  No. 

AFAPL  TR  76-8,  Wright  Patterson  Air  Force  Base,  Ohio 
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Frame 


Figure  3-21.  Machine  End  Detail  of  Permanent  Magnet 
20  000-hp,  3600-rpm  Generator 


9. 34  In.  R 


Figure  3-22.  Electromagnetic  Detail  of  Permanent  Magnet 
20  000-hp,  3600-rpm  Generator 
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Assembly  of  the  rotor  will  have  to  be  done  with  the  magnets  magnetized. 
This  will  require  extensive  fixtruring  to  master  the  repulsive  forces  of  the 
magnet  rings.  Wooden  or  other  nonmagnetic  spacers  in  the  0.  45-  in.  wide 
air  gap  that  will  keep  the  rotor  and  the  stator  separated  during  assembly. 

The  stator  core  manufactured  from  single-piece  punchings,  which  are  bolted 
together  and  fastened  to  the  frame  by  keys,  features  cooling  pipes  in  the 
yoke  and  in  the  slot  bottom  to  effectively  cool  the  windings  and  the  core. 

The  frame  i3  made  from  a 1-in.  -thick  aluminum  ring  with  reinforcing  ribc. 
The  winding  end  turns  are  protected  by  fabricated  aluminum  end  caps.  The 
covor  plates  of  these  end  caps  feature  a rubber  seal  to  the  bearing  housings 
and  are  0.  5-in.  -thick  for  ruggedness. 

The  total  weight  of  this  machine  is  13  000  lb  with  the  overall  dimensions 
of  40. 5-in,  diameter,  54.5-in.  frame  length,  and  95- in.  overall  length,  as 
shown  in  the  layout  sketch.  A detailed  weight  analysis  is  given  .In  Table  o-lO. 


Table  3-10 


WEIGHT  DETAILS  FOR  20  000-HP 

(In  Pounds) 

GENERATOR 

Stator 

Core 

3827 

Copper 

785 

Frame 

748 

Hardware 

855 

Rotor 

516 

Shrirk  Ring 

Hub 

810 

Magnets  and  Pole  Pieces 

2800 

Brackets 

292 

~mz 

Shaft  Extensions 

488 

Drive-end  Bearing 

550 

Antidrive-end  Bearing 

600 

Miscellaneous 

629 

Total  Weight 

13  000 
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20  000-HP  MOTOR 

TRADE-OFF  PERFORMANCE  AND  ANALYSES 


The  design  specifications  for  the  20  000-hp  motor  are: 

Maximum  rating  (continuous)  20  000  hp 

450  rpm 

Cruise  speed  75%  of  450  rpm 

2 

Torque-speed  curve  T-Cx  rpm 

Constant  C determined  from  rating  data 

The  motor  is  to  be  driven  from  a cycloconverter-generator  system, 
whose  maximum  frequency  has  been  fixed,  as  before,  at  360  Hz.  This  limits 
the  maximum  motor  frequency  to  120  Hz  which  at  450  rpm  results  in  a maxi- 
mum number  of  pole  pairs,  p 


* rpm 


60  x 120 

■“■450  = 


The  motor  voltage  level  is  chosen  at  320  V,  as  was  done  for  the  40  000-hp 
motor.  Again,  it  should  be  emphasized  that  the  potential  level  of  the  ma- 
chine can  be  changed  as  long  as  the  rating  stays  the  same,  without  affecting 
the  machine  size,  except  when  the  insulation  level  has  to  be  increased  which 
should  be  done  upward  of  700  V line-to-ground.  Chosing  a voltage  level  is 
necessary  to  account  for  voltage  "losses”  (voltage  drops)  in  the  system.  The 
related  current  level  amounts  to  15  700  A per  phase  on  a three-phase  basis. 
Subdividing  the  windings  into  more  than  three  phases  will  reduce  the  phase 
current  accordingly.  But  it  will  not  influence  the  weight  and  the  performance 
of  the  machine. 


The  trade-off  design  studies  are  done  only  for  a limited  range  of  param- 
eters, since  the  trends  established  for  the  40  000-hp  motor  are  generally 
the  same  as  for  the  20  000-hp  motor.  Correlating  the  two  machines,  the 
following  results  for  the  various  parameters: 

1.  Number  of  Pole  Pairs  --  p = 8 to  16  or  16  to  32  poles,  the  maximum 
of  which  is  determined  by  the  frequency  limits. 

2.  Turns  per  Phase  --  turns  = 2 to  4.  The  upper  limit  of  turns  is  again 
determined  by  the  reactance  limit  put  on  the  machine  for  cyclocon- 
verter operation.  At  the  present  level  of  design  detail,  this  limit  is 
more  a recommendation  than  a limit,  since  only  a detailed  system 
analysis  can  establish  limits. 
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3.  Rotor  Radius  --  RR  = 32  in.  to  20  in.  based  upon  peripheral  veloci- 
ties  and  results  of  the  40  000-hp  machine. 

4.  Gap-length-to-pole-pitch  Ratio  — GPTP  = 0. 06.  This  is  done  for  a 
low  reactance  level  based  upon  the  40  000-hp  machine  results. 

5.  Current  Density  --  CD  = 6000.  As  discussed  before,  it  does  not 
appear  justified  to  push  up  the  current  density  to  gain  some  small 
weight  benefit  without  a detailed  thermal  analysis,  which  is  not  with- 
in the  scope  of  this  study.  Furthermore,  the  efficiency  impact  has 
to  be  studied  closely  before  recommending  an  increase. 

6.  Per  Unit  Pole  Arc  --  will  be  established  with  respect  to  size,  weight, 
and  reactance  level  of  the  machine. 

The  trade-off  studies  are  summarized  in  Table  3-11.  The  results 
clearly  indicate  that  a 16 -pole -pair  machine  at  a 20- in.  rotor  radius  and 
four  turns  per  phase  with  a resultant  reactance  level  of  Xaq  = 0.  547  p.  u. 
will  be  a very  attractive  machine,  which  will  also  accommodate  the  reac- 
tance requirements  of  the  system.  The  detail  results  for  this  machine  are 
shown  in  Figure  3-23,  which  indicates  a computer  calculated  weight  of 
39  000  lb.  and  a stack  length  of  91  in. 


Table  3-11 

RESULT  OF  TRADE-OFF  CALCULATIONS 


Pole  Pairs 
Turns  Range 
Radius  Range,  in. 
Weight  Range,  klb 

Reactance  Range 
X aq,  Q, 

X leak,  S2 
X aq,  p.  u. 

X leak,  p.  u. 


16 

12 

2 * 4 

2*  4 

32  v 20 

32*  20 

10  * 39 

79*  42 

0.  0112  * 0.0033 

0.0108*  0.0032 

0.  0015*  0.0003 

0.  0012*  0.  0003 

0.  547  * 0.  162 

0.527  * 0.158 

0.  073  * 0.  015 

0. 058  * 0. 012 

8 

2 * 4 
32*  20 
97  * 48 


0.042 


0.  0002 


0.010 


Per  unit  Reactance 
Xpu  = 0.  204  n 
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INDIVIDUAL  PRINTOUT  FOR  PM-MACHINES <M> 

ELECTRICAL  DATA 

TERM  VOLT  320.3  TERM  KW  13198.1  P F 1.00 
CAP  VOLT  316.3  SHFT  KW  0.  F 120. 

PHASE  CUR  13823.6  RPM  430. 


XSIG 

0. 1484E-02 

FL 

0. 

EMG 

0.3991E-03 

PP 

16. TURNS 

4. 

XAQ 

0,  1115E-01 

DELTA 

0.490 

BMT 

0.11 98E-02 

PUPA 

0.60  PHASES 

3. 

XQ 

0. 1263E-01 

GAMA 

0.564 

BMP 

0. 1100E-02 

GAP 

0.236CIR  24. 

00 

RW 

0.2904E-03 

C0SD 

0.882 

BMT 

0.1000E-02 

GAEF 

'3.232  TPC 

1.0 

PLE 

0.2379E  01 

SI 

288.00 

CD 

6000.00 

KPUD 

13.938  SF  0 

.660 

KM 

1.3803 

KFI 

0.9983 

CAQ 

0.6386 

KF 

0.92 

DIMENSIONS 

STATOR 


RIS 

20.236 

RBS 

22.038 

R0S 

22.963 

ODFR 

48.926 

HI 

90.933 

0LEM 

94.077 

0LEC 

129.188 

OLMF 

132.188 

HY 

0.923 

TPP 

3.927 

CWDG 

6.436 

TS 

ROTOR 

0.441 

MS 

0.202 

HSI 

1 .652 

HST 

0.150 

RR 

20.000 

RIR 

16.098 

THR 

0.350 

THH 

1 .500 

0LER 

97.301 

0LEB 

129.188 

OLMS 

161.075 

BEARINGS&SHArT 

DSHFT 

MAGNETS 

15.944 

ODD 

31.867 

DIS 

12.753 

BR  0.000340 

MYR 

1.030 

Lh 

1 .543 

HM 

2.052 

WEIGHTS 


CU 

2896. 

SHR.  R. 

1181  . 

BEAR 

6875. 

CORE 

7057. 

POL.  P. 

3572. 

SHFT 

1478. 

FRAME 

8171. 

MAGNETS 

2764. 

ROTOR 

16736. 

ENOB 

918. 

HUB 

4303. 

EL  M 

22480. 

STAT 

21773. 

ROT  EM 

11820. 

TOT 

39216. 

LOSSES 

PC'J 

213.2  PFF.T  43726 

.6  PFEY 

22146.9 

PFE 

Figure  3-23.  Computer  Printout  of  20  OOO-hp  Motor 


The  unsaturated  performance  curves  are  presented  in  Figures  3-24 
through  3-26.  Figure  3-24  shows  the  machine’s  performance  at  450  rpm 
and  unity  power  factor.  Of  interest  is  the  flat  efficiency  curve  over  a wide 
current  range  and  the  fact  that  the  rated  power  point  is  also  the  maximum 
power  point  at  unity  power  factor.  Figure  3-25  shows  the  machine’s  per- 
formance at  variable  speed  for  an  output  power  which  is  defined  as  Pout  = 

C x rpnA  it  should  be  pointed  out  that,  for  all  practical  purposes,  the 
electrical  efficiency  between  full  load  at  450  rpm  and  a cruise  speed  of  338 
rpm  does  not  change.  It  takes  a speed  decrease  to  170  rpm  to  lower  the 
efficiency  by  one  percent.  The  different  effects  of  iron  and  copper  losses 
are  responsible  for  the  efficiency  shape.  At  present,  the  machine  is  de- 
signed so  that  at  full  load  the  iron  losses  are  about  23  percent  of  the  total 
losses  at  the  cruise  speed  point.  If  that  loss  number  is  to  be  changed  at 
the  cruise  speed  point,  a bigger  and  heavier  machine  will  result,  especially 
since  two-thirds  of  the  iron  losses  are  located  in  the  teeth  area. 


Figure  3-26  shows  the  constant  speed  performance  curves  at  cruise 
speed.  (Note:  the  flat  efficiency  curve  and  the  built-in  torque  reserve  at 
that  speed. ) If  any  torque  above  100  percent  rated  torque  is  to  be  delivered, 
this  motor  has  to  be  operated  at  a lagging  power  factor  in  the  same  fashion 
discussed  for  the  40  000  motor. 
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Figure  3-24, 

Performance  of  Permanent 
Magnet,  20  000-hp,  450-rpm 
Motor  at  Constant  Speed  and 
Unity  Power  Factor 


Figure  3-25. 

Load  Performance  of  Per- 
manent Magnet,  20  000-hp  , 

Motor.  Pout  = 0. 1637  = rpm‘ 
at  1.0  PF 
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t 200+  10  Pout 
(V)  (MW) 


Figure  3-216, 

Constant  Speed  Performance  of 
Permanent  Magnet,  20  000-hp 
Motor  at  Cruise  Speed  of  337.  5 
rpm,  Cos  y = 1.  0 


MECHANICAL  DESIGN  CONSIDERATIONS 


A layout  sketch  of  the  20  000-hp,  450-rpm  motor  is  shown  in  Figure  3-27. 
The  basic  construction  characteristics  discussed  for  the  40  000-hp  motor 
have  also  been  used  for  this  machine.  At  this  speed  range,  roller  bearings 
may  be  applicable  and  could  result  in  a significant  weight  savings. 


52.2  In. 
Dia 


112.5  In. 


192.0  In. 


Figure  3-27.  Permanent  Magnet,  20  000-hp,  450-rpm  Motor 
(Total  weight:  38  000  lb) 


Two  points  need  checking  as  far  as  the  layout  is  concerned.  The  first 
one  is  the  mechanical  strength  of  the  rotor  structure  at  top  speed.  The 
rotor  construction  chosen  is  similar  to  the  one  used  for  the  40  000-hp  motor 
(Figure  3-11),  using  wedges  and  dovetails  to  fasten  the  magnets  and  poles  to 
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the  rotor  hub  ring.  In  general,  the  peripheral  velocity  of  the  450- rpm  ma- 
chine at  this  speed  is  78. 5 ft/s;  which  is  slightly  higher  than  the  peripheral 
velocity  of  the  40  000-hp,  163-rpm  machine  at  rated  speed  of  64.5  ft/s.  The 
comparison  shows  that  the  stresses  should  be  about  50  percent  higher  than 
for  the  40  000-hp  machine  or  2500  psi  for  the  wedge  construction.  That  ap- 
pears to  be  quite  acceptable. 

A different  approach  is  taken  for  the  dovetail  design:  the  combined 
weight  of  the  wedge,  the  magnets,  and  the  pole  piece  per  pole  pitch  and  1-in. 
stack  length  is  2.  7 lb.  At  450  rpm,  the  centrifugal  force  of  this  section  r. 
amounts  to  303  lb.  The  minimum  cross  section  of  the  dovetail  is  0. 787  in.  . 
This  would  result  in  a straight  stress  in  that  section,  without  consideration  of 
a stress  concentration  factor  of  400  psi.  Even  a stress  concentration  factor 
of  ten  will  not  cause  unacceptable  dovetail  stresses. 

The  second  point  to  be  checked  is  the  actual  weight  of  the  machine,  as 
shown  in  Figure  3-27.  The  shaft  diameter  of  the  drive  end  is  determined 
according  to  marine  standards  as: 

Dsh  - / 64  x Hp  = 14.  2 in. 

V'  Rpm 

This  shaft  requires  a Type-L27  (Kingsbury)  journal  bearing  (Figure  3-27). 

It  weighs  380C  lb.  The  antidrive-end  shaft  is  sized  according  to  shock  load- 
ing with  a diameter  of  10.  25  in.  which  also  requires  a large  and  heavy  com- 
bined journal  and  thrust  bearing.  The  remainder  of  the  weight  details  are 
given  in  Table  3-12  which  shows  a total  machine  weight  of  38  000  lb.  This 
is  not  very  much  lower  than  the  computed  weight  (Table  3-11),  but  the 
weights  of  the  various  components  have  shifted  appreciably. 

Table  3-12 

WEIGHT  DETAILS 
FOR  20  000-IIP  MOTOR 


Stator 

Core 

7087 

Copper 

2896 

Frame 

5980 

End  cape 

280 

fTJTS 

Rotor 

Hub 

2873 

Magnet 

2764 

Pole  pieces 

3572 

Pole  top  and  wedge 

1811 

OT 

Shaft  Extensions 

3750 

Drive -end  Bearing 

3800 

Antldrlve-end  Bearings 

2500 

Miscellaneous 

M7 

157757 

Total  Weight 

38  000 
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5000 -HP  GENERATOR 

TRADE-OFF  DESIGN 

The  electrical  power,  voltage,  and  current  rating  for  the  5000-hp  gen- 
erator, which  is  to  be  operated  at  7200  rpm  at  rated  output,  have  been  es- 
tablished in  the  same  way  as  discussed  for  the  20  000-hp  generator.  The 
voltage  losses  in  the  power  conditioner  and  those  due  to  the  power  factor 
change  have  been  taken  into  account,  while  the  voltage  change  due  to  the 
cycloconverter  connection  has  not  been  accounted  for.  This  and  the  actual 
voltage  level  of  the  system  once  established  for  the  complete  system  can,  in 
general,  easily  be  accommodated  in  the  machine  without  any  significant  in- 
fluence on  the  machine’s  size,  provided  no  additional  insulation  material  is 
required.  The  voltage  and  current  level  for  this  machine  are  established  as: 


Rated  voltage  U = 380  V 
Rated  current  I = 3800  A/phase 


Power  factor  Cos <j>  = 0.  86  leading 


The  design  trade-off  procedure  is  similar  to  the  one  used  before  and, 
in  general,  the  same  parameters  can  be  varied.  However,  besides  the  cur- 
rent density  and  the  gap-to-pole-piteh  ratio,  whir  . are  based  upon  previous 
trade-off  experience  (CD  = 6000  A/m^,  GPTP  = 0.  06),  other  parameters 
can  be  narrowed  down  in  their  range  before  the  actual  trade-off  calculations 
are  performed,  based  upon  system  and  other  requirements. 


The  generator  frequency  is  limited  at  the  low  end  by  the  requirements 
of  the  cycloconverter,  which  calls  for  the  input  frequency  to  be,  as  a mini- 
mum, three  times  the  output  frequency.  Since  the  output  frequency  could 
go  as  high  as  120  Hz  (e.  g. , in  the  20  000-hp  motor),  the  minimum  generator 
frequency  should  be  360  Hz.  The  switching  capability  of  the  power  semi- 
conductors may  limit  the  upper  frequency  to  about  500  Hz. 


At  7200  rpm,  there  are  only  two  numbers  of  pole  pairs  capable  of  pro- 
ducing frequencies  in  that  range: 


Four  pole  pair  s F = 480  Hz 
Three  pole  pairs  F = 360  Hz 


7200  rpm 


Because  of  the  cycloconverter  operation,  the  combination  of  reactance 
requirements  and  the  rotor  stress  capability  limit  quite  severely  the  range 
of  the  remaining  three  parameters  (turns  per  phase  (Turns),  rotor  radius 
(RR),  and  the  per  unit  pole  arc  (PUPA)).  This  was  determined  during  the 
studies  for  the  20  000-hp  generator.  As  a matter  of  fact,  the  per  unit  pole 
arc  previously  selected  to  provide  for  the  lightest  machine  will  have  to  play 
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a vital  role  to  keep  the  reactance  level  low.  Based  upon  the  experience 
gained  for  the  20  000-hp  generator,  the  synchronous  reactance  level  should 
not  be  much  larger  than  0.  333  p.  u. 

In  order  to  limit  the  rotor  radius  range  to  practical  values,  the  pre- 
viously discussed  method  of  Shrink  ring  <3tress  calculation  is  again  employed. 

cr  = (rpm  x R)^  x Ks  x 0. 71  x 10"  ® 

For  rpm  = 7200,  one  gets 

2 

o = 368. 1 x R x Ks 

For  a given  stress  level,  a curve  of  rotor  radius  (RR)  versus  stress  factor, 
Ks,  can  be  plotted,  as  is  done  for  o’  = 130, 000  psi  and  150, 000  psi  in  Fig- 
ure 3-28.  In  the  same  figure,  curves  of  magnet  height  (hm)  versus  Ks  are 
shown  for  constant  X which  relates  the  shrink  ring  thickness  (THR)  to  the 
rotor  radius, 

THR  = RRx  (1  - X) 

This  second  set  of  curves  is  shown  for  a - 130  000  psi  and  the  following 
rotor  material  data: 


Poisson  ratio  (average) 

O 

Density  (average)  (lb/in  ) 


Shrink  Ring  Magnet  Ring 
0.  316  0.  3 

0.  297  0.  3 


Figure  3-28. 

Rotor  Radius  and  Maximum 
Magnet  Height  for  5000-hp, 
7200-rpm  Machine 
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On  those  curves  (hm  versus  Ks),  points  are  marked  for  various  rotor 
radii.  It  can  be  seen  that  X = 0.98  requires  rather  small  rotor  radii  in 
order  to  meet  the  stress  limitations  for  reasonable  magnet  heights.  A value 
of  X = 0.97,  which  calls  for  a shrink  ring  thickness  of  3 percent  of  the  outer 
rotor  radius,  allows  larger  rotor  radii  for  a given  magnet  height. 

This  grid  of  feasible  rotor  dimensions  was  then  superimposed  over  the 
trade-off  calculation  which  had  been  performed  for  the  following  ranges  of 
the  previously  not  fixed  parameters: 

RR  4 in.  to  6. 4 in. 

Turns  2 to  4 

PUPA  0.44  to  0.72 

Two  generalized  mechanical  designs  were  selected  that  best  fit  the 
reactance  requirements  and  the  stress  limitations.  The  general  data  of  the 
three-pole-pair  and  four-pole-pair  designs  selected  are  presented  in  Table 
3-13.  It  should  be  pointed  out  that  the  four-pole-pair  design  with  a frequency 
of  480  Hz  is  about  9 percent  lower  in  weight  than  the  three-pole-pair  design. 
Both  designs  have  magnets  that  are  20  percent  longer  than  the  natural  length 
in  order  to  meet  the  performance  requirements. 

Table  3-13 

GENERAL  DATA  FOR  SELECTED  5000-HP, 

7200-RPM  GENERATORS 


Rotor  Radius,  in. 
Pole  Pairs 
Frequency,  Hz 
Turns 

Magnet  Height,  in, 
Xaq,  p.u. 

Lm,  p.u. 

PUPA,  p.u. 

Stack  Length,  in. 
Weight,  lb 
Losses,  kW 
Efficiency,  p.u. 


5.6 

5.6 

4 

3 

480 

360 

3 

3 

1.61 

2.08 

0.337 

0.339 

1.2 

1.2 

0.52 

0. 52 

33.4 

35.5 

3292 

3610 

69.1 

53.1 

0.947 

0.959 

The  three-pole-pair  machine  was  selected  as  the  candidate  to  be  pre- 
sented in  a layout  sketch  because  of  the  frequency  concern  for  the  power 
conditioning  semiconductors.  The  layout  sketch  is  shown  in  Figure  3-29, 
The  machine  features  ball  bearings  (90-mm,  ABEC7,  angular  contact  type 
bearings  with  oil  lubrication)  and  an  oil-cooled  stator  with  the  cooling  jacket 
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Figure  3-29.  Permanent  Magnet,  5000-hp,  7200-rpm  Generator 
(Total  weight:  2700  lb) 

between  the  laminations  and  the  aluminum  housing.  The  overall  dimensions 
of  this  machine  are: 

Dimension 
(in. ) 

Maximum  diameter  (flanges)  22. 0 

Total  length  of  frame  44. 5 

Total  length  over  shaft  53. 0 

A refined  weight  analysis  based  upon  the  layout  results  in  a total  machine 
weight  of  2700  lb,  of  which  1730  lb  are  attributable  to  the  stator  and  880  lb 
to  the  rotor. 

Performance  calculations  have  not  been  performed  for  the  5000-hp 
generator.  Instead  a preliminary  design  of  an  electrically  excited  20  GOO-hp 
generator  was  done  in  order  to  have  some  comparison  between  an  all  perma- 
nent magnet  motor  generator  system  and  a permanent  magnet  motor  — wound- 
rotor  generator  system. 

20  OOQ-HP,  3600- R PM,  WOUND-ROTOR  GENERATOR 

The  permanent  magnet  generator  has  several  disadvantages,  especially 
when  it  is  a high-speed  machine.  One  disadvantage  is  the  fact  that  the  per- 
manent magnet  generator  does  not  contain  any  means  of  field  control  or 
voltage  regulation,  which,  in  this  case,  means  that  the  voltage  control  func- 
tion (e.g.  , cruise  speed  operation)  has  to  be  done  oy  the  cycloconverter. 
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Voltage  regulation  in  the  cycloconverter  is  performed  by  additional  phase 
back  of  the  firing  angle.  This  results  in  a higher  time  harmonic  content  of 
the  voltage  and  the  current  and  thus  higher  harmonic  losses. 

A second  disadvantage  occurs  when  a permanent  magnet  generator  has 
to  operate  into  a cycloconverter.  This  generally  requires  a rather  low  com- 
mutating reactance  of  the  generator.  For  conventional,  electrically  excited, 
wound-rotor  generators  a low  commutating  reactance  is  achieved  by  means 
of  an  amortisseur  winding  on  the  rotor.  This  can  be  accomplished  even  in 
high-speed  machines.  Thf  present  design  for  high-speed  permanent  magnet 
machines  does  not  readily  allow  incorporation  of  an  amortisseur  winding  on 
the  rotor.  Thus,  in  order  to  achieve  a low  commutating  reactance  level, 
the  synchronous  reactance  has  to  be  kept  very  low.  As  shown  in  Appendix  B, 
"The  Influence  of  Machine  Characteristics  upon  the  Weight  and  Volume  of  a 
Synchronous  Generator",  this  results  in  a rather  heavy  machine. 

For  these  two  reasons,  an  attempt  has  been  made  to  conceptually  design 
a wound-rotor  synchronous  generator  of  the  same  rating  as  the  20  000-hp 
permanent  magnet  generator, 

P 20  000  hp  3600  rpm 

U 380  V 16  000  A/phase 

Phases  3 360  Hz 

12  poles 

The  basic  rotor  and  machine  dimensions  are  the  same  as  for  the  originally 
designed  20  000-hp  permanent  magnet  generator  shown  in  Table  3-9. 

The  wound  rotor  would  be  made  out  of  high-strength  vanadium  Permendur 
laminations,  which  can  stand  stress  levels  in  excess  of  70  000  psi.  The  rotor 
design  is  dominated  by  the  maximum  strength  required  to  support  the  wind- 
ings on  the  pole  and  the  pjnount  of  copper  to  be  put  into  the  field  windings  to 
maintain  reasonable  excitation  losses.  The  stress  analysis  of  the  rotor  is 
done  by  means  of  a computer  program  developed  by  the  Aerospace  Controls 
and  Electrical  Systems  Product  Department  of  the  General  Electric  Company 
and  has  been  successfully  used  for  rotor  stress  analysis  of  high-speed  air- 
craft alternators. 

The  field  windings  in  the  rotor  are  liquid  cooled  with  the  liquid  flowing 
through  the  hollow  conductors.  The  center  wedges  and  stuffing  wedges, 
which  are  required  to  maintain  the  rotor  winding  well  positioned,  are  made 
from  a magnesium  alloy  for  rotor  stress  reasons.  The  top  sticks  are  made 
from  titanium  for  strength  and  weight  reasons.  The  general  stress  level  in 
the  rotor  does  not  exceed  50  000  psi,  as  indicated  for  selected  points  in 
Figure  3-30,  except  for  point  No.  2,  which  is  74  000  psi,  at  the  tooth  over- 
hang root. 
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Figure  3-30. 

Wound  Rotor  Construction  and 
Stress  Levels 


This  stress  level  is  calculated  for  an  over  speed  of  115  percent  and  is 
close  to  the  capability  limit  of  the  material.  Should  a detail  design  of  this 
machine  follow,  a finite  element  stress  analysis  of  this  rotor  section  should 
be  performed  to  determine  a more  accurate  stress  level.  It  is  expected, 
based  upon  experience,  that  the  computer  results  obtained  so  far  are  rather 
pessimistic  and  that  accurate  stress  values  at  this  point  will  be  below  70  000 
psi  at  the  over  -speed  point. 


A weight  analysis  of  the  wound  rotor  has  resulted  in  a weight  of  6650  lb 
for  the  rotor  without  shaft  extensions.  This  is  46  percent  higher  than  the 
rotor  for  the  preliminary  permanent  magnet  generator  design.  The  total 
machine  length  will  increase  somewhat  over  that  of  the  preliminary  perma- 
nent magnet  machine  because  of  the  slip  rings  necessary  to  provide  excita- 
tion power  to  the  rotor.  Excitation  power  for  the  generator  when  providing 
power  for  cruise  operation  amounts  to 

Pex  = 64  kW. 

This  will  have  to  be  traded  off  against  the  increase  in  system  losses  due  to 
the  increased  electrical  systems  harmonics  in  case  voltage  regulation  is 
done  by  the  inverter.  This  trade-off  analysis  requires  a detail  component 
and  interface  design  that  goes  beyond  the  scope  of  this  study. 


DISC  PERMANENT  MAGNET  MACHINE 


An  alternate  approach  for  permanent  magnet  machines  for  electrical 
ship  propulsion  systems  is  the  use  of  disc-type  permanent  magnet  machines. 
The  basic  unit  of  this  type  of  machine,  shown  in  Figure  3-31,  consists  of: 
segment- shaped  permanent  magnets  arranged  with  alternating  polarity  on  the 
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back-to-back,  lais  eliminates  the  magnetic  return  path  iron  — solid  on  the 
rotor  and  laminated  on  the  stator  --  between  the  units;  only  the  first  and  last 
units  require  a magnetic  return  path. 

For  the  sizing  studies  presented  below,  a number  cf  machine  variables, 
held  constant  as  input  parameters,  are  tabulated  in  Table  3-14.  Initial 
studies  involving  magnet  length,  winding  thickness  (tw),  current  density  (CD), 
winding  spa^e  factor  (SF),  and  number  of  pole  pairs  (P)  have  indicated  that: 

• Changing  the  magnet  length  up  to  two  inches  (per  disc)  produces  a 
noticeable  gain  in  machine  efficiency.  Beyond  that,  magnet  weight 
and  machine  volume  and  weight  are  added  without  much  improvement 
in  efficiency. 

• Increasing  the  product  of  the  winding  thickness,  the  space  factor,  and 
the  current  density,  which  is  called  current  loading  per  unit  length,  J, 
up  to  a valve  of  J - tv»  x CD  x SF  = 1500  A/in.  results  in.  significant 
decreases  in  magnet  and  machine  volume  and  weight.  Further  in- 
creases in  current  loading  produce  only  rmall  weight  and  volume 
gains. 


Table  3-14 

CONSTANT  INPUT  VARIABLES  FOR  SIZING  CALCULATIONS 


Machine  speed,  rpm  168 

Magnet  strength  (magnetization),  Wb./m  0.85 

Axial  air  gap  (ai  mature-magnet),  in.  0.25 

Power  factor  1.0 

Magnet  outside  radius,  in.  55 

Magnet  inside  radius,  in.  40 


These  observations  resulted  in  cross  plots  of  the  results  versus  cur- 
rent density,  as  shown  in  Figure  3-32.  For  this  case,  a magnet  length  of 
2 in. , a space  factor  of  0. 5 (because  no  better  value  is  available  at  present), 
and  a current  loading  of  1500  A/in.  have  been  selected.  The  number  of  disc 
units,  as  described  before,  necessary  for  a 40  000-hp  output  is  the  variable 
that  determines  the  machine  length  (Lm). 

The  curves  plotted  in  Figure  3-32  show  the  electrical  losses  in  percent 
of  the  machine  rating  --  no  iron  losses  are  present  since  no  iron  is  con- 
tained in  the  a-c  flux  path  of  this  machine,  the  magnet  weight  (Mw),  and  the 
machine  length  (Lm).  The  latter  is  also  representative  for  machine  volume 
and  weight,  since  the  maximum  rotor  diameter  is  kept  at  110  inches.  The 
curves  are  plotted  for  P = 18,  24,  and  36  pole  pairs  and  illustrate  the  con- 
flict between  achieving  low  losses  and  low  machine  volume.  However,  the 
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Figure  3-32. 

Disc  Machine  Parameters 
Versus  Winding  Current  Den- 
sity for  40  000-hp,  168-rpm 
Machine  (Ra  = 55  in. ) 


results  are  significant  because  they  indicate: 

• The  machine  parameters  show  little  sensitivity  to  the  number  of 
pole  pairs. 

• Over  the  range  of  current  density  considered,  the  variations  appear 
to  be  reasonable. 

Those  results  indicate  a reasonable  amount  of  design  freedom  in  the  choice 
of  the  machine  parameters. 

So  far,  an  inside  radius  of  the  magnet  and  active  winding  discs  of 
Ri  = 40  in.  has  been  used  in  the  studies.  To  justify  this  selection,  a plot  of 
the  machine  parameters  versus  inside  radius  has  been  prepared  (Fig- 
ure 3-33),  with  the  remaining  parameters  kept  constant.  This  figure  shows 
a broad  minimum  in  losses  and  a similar  gradual  decrease  in  magnet  weight 
over  the  range  considered.  However,  the  active  machine  length  begins  to 
increase  rapidly  at  a rotor  inside  radius  of  about  40  in. , hence  the  choice  of 
this  value. 

The  parameters  of  a machine  selected  from  the  midrange  of  the  vari- 
ables studied  will  be  typical  of  a disc-type  permanent  magnet  machine  for 
the  required  rating.  These  machine  parameters,  which  include  all  of  the 
active  parameters,  are  shown  in  Table  3-15.  A detail  mechanical  design 
will  have  to  establish  the  actual  overall  dimensions  of  the  disc-type  machine. 
However,  if  one  compares  the  active  volume  of  the  disc-type  machine,  as 
defined  by  the  active  length  and  the  magnetic  outside  diameter  of  the  rotor, 
with  the  active  volume  of  the  cylindrical  machine,  as  defined  by  the  stack 
length  and  the  stator  punching  outside  diameter,  the  disc-type  machine 
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Figure  3-33. 

40  000-hp,  168-rpm,  Disc-type 
Machine  Parameters  Versus 
Inner  Radius 


Table  3-15 

PARAMETERS  OF  TYPICAL  DISC-TYPE  MACHINE 


Machine  speed,  rpm  168 

Number  of  poles  48 

Magnet  outside  radius,  in.  55 

Magnet  inside  radius,  in.  9 40 

Magnet  strength  (magnetization),  Wb/m“  0.85 

Magnet  axial  half -depth,  in.  2 1.0 

Armature  copper  current  density,  A/in.°  5000 

Armature  space  factor  0. 5 

Armature  current  loading,  A/in.  1500 

Armature  half -thickness,  in.  0. 6 

Axial  air  gap,  in.  0.25 

Number  of  discs  16 

Active  length,  in.  59. 5 

Magnet  weight,  klb  28.7 

Copper  weight,  klb  13.4 

Internal  voltage,  volts/turn  5. 09 

Terminal  voltage,  volts/turn  4. 92 

Power  factor  1. 0 

Armature  current,  ampere  turns/disc  125.6 

Synchronous  reactance  per  unit  0.25 

Armature  copper  losses  (d.c.),  percent  3.2 
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compares  favorably  with 

3 

Vact  = 7t  x 2 x Ra  x Lm  - 20  600  in.  (Disc) 
to  the  cylindrical  machine  with 

Vact  = 7T  x 2 x Ros  x Hi  = 27  900  in.  ® (Cylindrical) 

The  significant  differences  between  the  two  types  of  machines  should  be 
pointed  out,  since  they  determine,  to  a large  extent,  where  one  machine  type 
would  be  preferred  over  the  other. 

• The  disc-type  machine  achieves  the  best  performance  at  large  rotor 
diameters.  This  does  not  make  the  machine  look  advantageous 
where  small  diameters  are  required,  as  they  are  for  the  ship 
propulsion  motors. 

• The  disc-type  machines  require  at  least  twice  as  much  magnet  mate- 
rial as  the  cylindrical-type  machines,  which  again  makes  them  less 
attractive  for  low- speed,  large -machine- size  applications. 

• The  geometry  of  the  disc-type  machines,  which  calls  for  the  flux 
path  to  be  parallel  to  the  axis  of  rotation,  allows  the  mechanical 
rotor  support  structure  to  be  outside  of  the  magnetic  path  and  not  to 
interfere  with  it  a3  it  does  for  cylindrical  machines.  This  would 
make  the  disc-type  machine  appear  the  preferred  selection  for  high- 
speed applications,  where  mechanical  strength  considerations  limit 
the  rotor  diameter. 

• In  general,  more  than  one  winding  disc  will  be  required.  These 
discs  will  preferably  be  connected  electrically  in  series  in  order  to 
avoid  circulating  currents  in  the  windings.  Currents  of  this  type  are 
present  when  the  discs  are  connected  electrically  in  parallel,  since 
one  always  has  to  allow  for  slight  misalignments  between  discs. 

Each  disc  is  a self-contained  unit,  which  can  be  intentionally  "mis- 
aligned"  or,  for  that  matter,  can  be  mounted  such  that  the  alignment 
can  be  controlled  by  mechanically  rotating  the  discs  with  respect  to 
each  other.  This  results  in  control  of  the  output  voltage,  since  the 
voltages  of  each  disc  add  up  geometrically 


„ j*  „ j*i.„  i’h 

UxeJr  = UjXe  -i-t^xe  . 

where:  U and  i^are  the  amplitude  and  (arbitrary)  angle  of  the  two 
discs  connected  in  series,  and  and  \pi  or  U2  and  ^ are  the  volt- 
age amplitudes  and  phase  angles  of  the  individual  discs.  Thus, 
changing  the  alignment  of  the  discs  will  change  the  amplitude  of  the 
output  voltage,  making  the  disc  -type  machine  amenable  to  external 
voltage  control.  This  is  not  easily  done  for  the  cylindrical  machine. 
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All  of  these  points  indicate  that  the  disc-type  machines  are  more  advan- 
tageously utilized  for  the  generator  applications  in  a ship  propulsion  system 
than  for  the  motor  application* 

CONCLUSIONS 

In  the  preceding  sections,  permanent  magnet  motors  and  generators,  as 
well  as  a wound-rotor  synchronous  generator,  have  been  studied  for  applica- 
tion in  a ship  propulsion  system. 

The  results  for  the  cylindrical  permanent  magnet  machines  have  been 
very  promising.  However,  at  the  end  of  all  of  the  studies,  it  was  dis- 
covered that  a mistake  had  occurred  in  the  computer  program.  This  error 
had  the  effect  of  requiring  the  magnets  to  be  significantly  stronger  than 
those  available  today.  Subsequent  correction  studies  revealed  that  if  the 
rotor  can  be  constructed  with  more  magnet  volume  than  previously  accounted 
for  without  interfering  with  the  mechanical  rotor  structure  to  deliver  the 
same  flux  densities  in  the  air  gap  at  full  load,  the  same  machine  envelopes 
will  be  obtained  as  previously  calculated.  The  differences  will  be  found  in 
the  rotor  weights,  which  will  go  up  significantly.  The  stator  and  frame 
weights  will  not  be  affected  by  this  as  long  as  the  air  gap  quantities  can  be 
maintained  with  the  present  magnet  of  nominally  21  MGOe  energy  level. 

The  corrected  program  studied  the  effect  of  magnet  strength  and  magnet 
dimension  in  the  circumferential  direction.  The  results  are  shown  in 
Figures  3-34  and  3-35.  The  magnets,  originally  specified,  had  the  following 
data: 

Energy  level,  MGOe  21 

Flux  density  Br,  kG  9.38 

Recoil  Permeability  jir  = 1.05 

The  flux  density  Br  was  downrated  to  Br  = 8.53  due  to  reversible 
and  irreversible  temperature  losses  of  Br.  This  may  be  conservative  for 
the  two  motors,  but  it  is  justified  for  the  generators  based  upon  previous 
experimental  work.  Figure  3-34  shows  that  the  previous  calculations  would 
actually  require  magnets  having  an  energy  level  of  55  MGOe.  This  energy 
le^el  for  rare  earth  permanent  magnets  is  not  expected  to  materialize  in  the 
foreseeable  future.  However,  energy  levels  of  25  MGOe  are  presently  being 
produced  by  several  manufacturers,  such  as  Brown,  Boveri  and  Company, 
Ltd.  in  Switzerland  and  Hitachi,  Ltd.  in  Japan.  The  same  manufacturers 
and  others  in  the  United  States,  indicate  that  30  MGOe  and  35  MGOe  magnets 
should  be  out  of  the  laboratory  within  the  next  couple  of  years. 

Figure  3-35  shows  the  relationship  between  machine  weight  and  magnet 
length  in  circumferential  direction.  The  point  Lm  = 1 p.u.  means  natural 
length,  as  defined  previously.  While  the  magnet  weight  shows  a minimum, 
the  machine  weight  tends  to  slowly  decrease  with  increasing  Lm.  Thus,  in 
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Figure  3-34. 

Sensitivity  of  40  000-hp,  168- 
rpm  Machine  Parameters  to 
Magnet  Strength 
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Figure  3-35. 

Sensitivity  of  40  000-hp,  168 
rpm  Machine  Parameters  to 
Magnet  Length 


contrast  to  previous  calculations,  an  increase  in  Lm  will  reduce  the  rotor 
weight  and  correspondingly  the  total  machine  weight. 

Figure  3-36  shows  the  corrected  data  printout  for  the  40  000-hp  motor. 
The  difference  between  this  printout  and  the  previous  calculations,  as  shown 
in  Figure  3-11,  is  found  in  the  weights  of  the  pole  pieces  and  the  magnets. 
The  corrected  machine  weighs  8250  lb  more  for  the  magnets  and  7150  lb 
more  for  the  pole  pieces,  which  amounts  to  15  400  lb  more  for  the  complete 
machine.  Thus,  in  a more  detailed  design,  the  corrected  machine  in  the 
same  envelope  as  before  should  weigh  roughly  104  000  lb  as  opposed  to 
89  000  lb.  If  the  35-MGOe  magnet  material  became  available,  the  magnet 
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ILECIRtCAL  D .',  T A 
. EFV"!  VOLT  320 

GAP  VOLT  515 


TERM  PM 
SHFT  KW 


5047  1 .2 
0. 


: CUR  51727 

.3 

r<pn 

163. 

0.7094L-0? 

FL 

0. 

EMC 

0.600 IE  • 03 

FF 

^8. 

TURNS 

5 . 

15. 6 107E- 0L 

DELTA 

0.531 

DMT 

0.1200E-02 

F’VPA 

0.36 

PHASES 

3 , 

0 . 62 12E-02 

GAMA 

0.605 

EMF 

0. 1 100E  ■ 02 

GAF 

»•' . £.  9 6 1 

C I R 

40.00 

15. 1831E-U3 

COSD 

0.862 

DMT 

0. 1000E-02 

CAEF 

0.311 

TPC 

1.0 

0.2376E  01 

SI 

720.00 

CD 

6000.00 

KPKD 

0,958 

SF 

0.660 

1 . 4233 

KF1 

0 . 9837 

CAO 

1.6271 

Kf 

0.92 

H MCfvC  IONS 
STATOR 


1 IS 

44 .296 

RD5 

46.338 

ROS 

47.451  ODFR 

97.901 

la 

90.733 

CLEM 

94.882 

01. EC 

152.836  OLMF 

155.836 

HY 

1.113 

TPP 

4.937 

CWDG  7.119 

i"  3 

0.387 

ws 

0.176 

HSI 

1.892  HST 

0.150 

ROTOR 

RR 

44.000 

RIR 

37.(512 

THR 

0.340  THH 

1.500 

OLCR 

97.084 

OLEB 

152.836 

01.  MS 

208.587 

GlARINCSSSFIAPT 

DSHFT 

27.876 

ODD 

55.751 

DIS 

22.301 

MAGNET 

S 

PR  0 

.000551 

MYR 

1.050 

LH 

2.586  HM 

4.348 

WEIGHT: 

CU 

7305. 

SHR 

. R.  25 

“jZ  . 

BEAR  36747. 

CORE 

17174. 

POL 

. P . 129 

3t . 

SHFT  9602. 

FRAME 

19649. 

MAGNETS  171 

39. 

ROTOR  70404. 

ENDB 

4319. 

HUB 

982"’. 

EL  M 66820. 

STAT 

66908. 

ROT 

EM  42429. 

TOT  137224. 

l OSSES 

PCU 

552.9  F'FET  ! 

59238.9  PFEY 

30991.5  PFE 

90.2  PTOT 

Figure  3-36.  Corrected  Printout  of  40  000-hp  Motor 
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Figure  3-37.  Corrected  Printout  of  20  000-  hp  Motor 
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weight  would  be  reduced  from  17  300  lb  to  11  500  lb.  If  55-MGOe  material 
were  ever  to  be  economically  produced,  the  rotor  weight  would  be  further 
reduced  to  8900  lb.  It  is  suspected  one  would  pay  excessive  cost  penalties 
for  these  2600  lb  (11  500  lb  minus  8900  lb).  It  remains  to  be  noted  that  the 
trade-off  curves  (shown  before)  change  in  aosolute  values,  but  not  the 
general  trends. 


The  20  000-hp,  450-rpm  motor  was  rechecked  next.  Figure  3-37  shows 
the  new  printout  for  a machine  that  has  the  same  dimensions,  turns,  number 
of  poles,  and  pole  arc  as  the  original  design.  The  same  results  are  apparent 
as  for  the  larger  machine.  The  envelope  remains,  but  the  rotor  weight  in- 
creases by  6860  lb,  increasing  the  weight  of  the  more  detail  design  to 
roughly  44  500  lb  without  changing  the  electrical  characteristics. 


A brief  check  of  the  rotor  structure  indicates  that  because  of  increased 
weight  and  reduced  structural  area  the  rotor  stresses  for  a similar  con- 
struction will  increase  by  a factor  of  four;  the  maximum  stress  in  the  dove- 
tail design  could  go  up  to  16  000  ysi.  This  is  still  within  the  capabilities  of 
the  materials  used.  However,  more  attention  has  to  be  paid  to  stress  con- 
centration factors,  and  a detail  design  would  require  more  accurate  analysis 
methods,  such  as  finite  element  methods. 

One  thing  should  be  pointed  out:,  to  achieve  minimum  weight,  the  origi- 
nal machine  design  was  done  by  selecting  the  optimum  pole  arc.  This  pole 
arc  is  not  the  one  for  lowest  weight  for  the  corrected  design,  as  illustrated 
in  Figure  3-38.  However,  in  order  to  maintain  the  same  envelope,  the  pole 
arc  was  not  changed.  A detail  design  would  take  that  into  consideration;  but, 
it  would  also  push  the  reactance  level  to  the  limits  allowed  to  reduce  the  air 
gap  length  somewhat  for  less  magnet  and  rotor  weight. 


Wt 

(klb) 

Hi 

tin.) 


Wm 

(klb) 
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Figure  3-38. 

20  000-hp,  450-rpm  Motor 
Parameters  Versus  Pole  Arc 
(Corrected  design) 
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The  redesign  of  the  20  000-hp,  3600-rpm  generator  confirmed  what  was 
expected  before;  the  original  envelope  cannot  be  maintained  since  the  rotor 
structure  will  not  permit  the  required  magnet  height  because  of  stress  limita- 
tions. A closer  analysis  reveals  that  the  combination  of  ampere  loading 
(amperes  per  unit  length  of  rotor  circumference),  stress  limitations,  and 
reactance  requirements  make  the  redesign  "starved"  of  flux.  The  permis- 
sible magnet  height  is  too  small  compared  to  the  pole  pitch  of  the  12 -pole 
machine  to  allow  sufficient  flux  squeezing  in  the  air  gap  to  make  the  desired 
gap  flux  density.  Allowing  that  flux  density  to  decrease,  increases  the  stator 
length  and  thus  the  reactance. 

On  the  other  hand,  increasing  the  number  of  pole  pairs  (and  thus  fre- 
quency) will  achieve  a better  magnet -height-to-pole-pitch  ratio  and  will  re- 
sult in  an  acceptable  design  from  the  machine  standpoint.  To  prove  the 
point,  a redesign  for  16  poles  and  480  Hz  was  done  with  a sufficient  rotor 
structure  to  permit  10  percent  overspeed.  In  this  case,  the  envelope  stays 
almost  the  same,  and  the  change  in  pole  pairs  will  cover  some  of  the  in- 
creased weight  due  to  the  actual  magnets  available.  The  results  are  pre- 
sented in  Table  3-16  which  shows  the  two  computer  designs  and,  for  refer- 
ence, the  changed  dimensions  of  the  refined  original  design. 

Based  upon  the  experience  with  the  20  000~hp,  3600-rpm  generator,  one 
can  predict  that  the  redesign  of  the  5000-hp,  7200-rpm  generator  may  be- 
come somewhat  more  difficult  than  the  design  for  the  20  000-hp  machine. 
However,  since  the  interest  in  that  machine  is  low,  no  redesign  was  per- 
formed. 

In  view  of  the  results,  the  following  trends  are  listed  for  the  machinery 
part  of  the  study: 

• Two  motors  in  the  form  of  cylindrical  permanent  magnet  machines 
appear  feasible  and  practical. 

• Two  cylindrical  permanent  magnet  generators  appear  somewhat 
marginal  because  of  no  regulation  capability,  rotor  structure,  and 
frequency,  even  though,  as  has  been  shown,  the  larger  machine 
could  be  built. 

• Disc-type  permanent  magnet  machines  appear  to  be  desirable  for  the 
generator  application  because  of  their  regulation  capability  and  their 
rotor  stress  problem  is  less. 

• Wound-rotor  machine  appears  feasible  as  a 3600-rpm  generator  with 
an  additional  64-kW  excitation  loss  at  cruise  speed. 

• Efficiencies  of  all  of  the  machines  look  very  good.  However,  it 
should  be  emphasized  that  due  to  the  time  harmonics  created  by  the 
cycloconverter  operation  the  actual  efficiencies  may  be  lower  by  a 
fraction  of  a point.  The  actual  losses  are  extremely  hard  to 
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determine  for  a general  case,  because  the  system  has  not  been 
defined  to  a detail  level  necessary  for  the  exact  loss  prediction. 
This  makes  a trade-off  between  voltage  regulation  by  the  cyclocon- 
verter, with  its  increased  harmonic  losses,  and  voltage  control  by 
means  of  electrical  excitation  quite  difficult  at  this  stage. 

Table  3-16 

COMPARISON  OF  ORIGINAL  AND  CORRECTED 
20  000-HP,  3600- RPM  GENERATOR  DESIGNS 


Machine 

Original 

Design 

Refined 

Original 

Design 

Corrected 

Design 

Rotor  Radius,  in. 

14.5 

— 

14.5 

Frequency,  Hz 

360 

— 

480 

Pole  Pairs 

6 

— 

8 

Shrink  Ring  Thickness,  in. 

0.435 

— 

0.  725 

Magnet  Height,  in. 

2.47 

— 

4.42 

Magnet  Length,  in. 

5.34 

— 

3.33 

Xaq,  mO 

7.94 

— 

7.85 

Xc,  mft 

— 

— 

8.69 

Frame  Diameter,  in. 

38.4 

40.5 

37.5 

Frame  Length,  in. 

66.7 

54.4 

66.9 

Magnet  Weight,  lb 

2108 

2108 

3146 

Electromagnetic  Weight,  lb 

8210 

— 

9355 

Machine  Weight,  lb 

14  177 

13  000 

14  946 

Losses,  kW 

187.3 

— 

198.8 

Stack  Length,  in. 

44.4 

44.4 

44.6 

— i 

Based  upon  the  findings,  it  is  concluded  that,  as  a follow-on  project, 
one  should  look  into  a detail  design  and  analysis  of  a real  well-defined  pro- 
pulsion system,  consisting  of  cylindrical  permanent  magnet  motors,  cyclo- 
converters, and  either  wound-rotor  or  disc-type  permanent  magnet  gen- 
erators. This  effort  would  be  followed  by  a hardware  phase  in  which  a 
scale  model  of  the  system  should  be  built  and  tested  to  verify  critical  de- 
sign components  and  procedures  and  system  operation  and  performance. 
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rotor  a£d  the  machine  need  detailed  study,  as  well  as  the 
magnetizing  the  magnets  after  they  are  mounted  in  a rotor  subassembly . 


BASIC  POWER  CIRCUIT  OF  CONVERTER 

The  proposed  basic  building  block  of  the  propulsion  system  is  shown  in 
Figure  4-1,  in  which  the  machine  windings  are  represented  as  EMF's  in 
series  with  leakage  inductance.  The  rectifiers  are  connected  in  three-phase 
groups  and  utilize  symmetrical  three-phase  interconnections  between  the  gen- 
erator and  the  motor,  which  will  result  in  a more  symmetrical  and  uniform 
loading  of  both  machines. 


Figure  4-1., 

Basic  Converter  Circuit 


The  complete  ship  propulsion  system  will  consist  of  a number  of  similar 
"building  blocks",  fed  from  sets  of  three-phase  generator  windings.  The 
windings  will  have  a symmetrical  mutual  phase  displacement  and  will  feed 
sets  of  three-phase  motor  windings  also  having  a symmetrical  phase  dis- 
placement. The  machine  design  can  also  have  parallel  paired  sets  of  wind- 
ings which  will  be  advantageous  when  some  converters  are  disconnected  to 
reduce  losses  when  operating  the  ship  at  reduced  power. 


This  particular  converter  circuit  arrangement  has  been  selected  over  a 
more  usual  six -pulse  configuration  in  order  to  avoid  the  need  for  interphase 
transformers  (in  a six -pulse  midpoint  connection)  or  for  separation  of  the 
motor  phases  (in  a six -pulse  bridge  connection).  With  a direct  connection 
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between  the  neutral  points  of  the  generator  and  the  motor,  the  circuit  shown 
in  Figure  4-1  would  produce  a three-pulse  ripple  in  the  output.  However,  by 
eliminating  the  neutral  connection  between  the  motor  and  the  generator,  as 
proposed  in  Figure  4-1,  the  effective  ripple  is  reduced  and  can  approach  the 
six-pulse  value.  Under  these  circumstances,  it  is  expected  that  the  leakage 
inductance  of  the  motor  can  be  made  sufficiently  high  to  effectively  filter  the 
current. 

Converter  circuits  of  this  type  sometimes  employ  "intergroup  reactors” 
between  the  positive-current  thyristors  and  the  negative-current  thyristors. 
When  both  groups  of  thyristors  are  allowed  to  conduct  simultaneously,  the 
reactors  serve  to  limit  the  circulating  current  between  the  groups.  How- 
ever, since  it  is  intended  to  eliminate  the  circulating  currents  entirely  by 
preventing  the  simultaneous  conduction  of  positive  and  negative  group  thy- 
ristors, intergroup  reactors  for  this  purpose  are  unnecessary. 

In  case  of  thyristor  misfires,  a surge  current  may  sometimes  flow  in 
the  same  circulating  current  path  during  fault  operation,  and  the  reactors 
would  limit  such  surges.  However,  since  the  faults  are  temporary  and 
easily  suppressed  by  proper  remedial  action,  it  is  believed  that  the  leakage 
inductance  of  the  generator  windings  will  be  sufficient  to  limit  the  surge  cur- 
rent and  prevent  damage. 

Not  shown  in  Figure  4-1  are  the  H-C  snubbers  that  are  necessary  in 
most  converter  circuits  in  order  to  suppress  transient  voltage  spikes  during 
switching  of  the  thyristors.  The  snubbers  may  be  connected  directly  across 
each  inverse-parallel  pair  of  thyristor  devices,  or  across  the  input  or  out- 
put lines.  Also,  it  may  be  found  desirable  to  insert  small  saturating  reac- 
tors in  series  with  each  inverse-parallel  pair  of  thyristors  (Figure  4-1)  to 
limit  the  reverse  recovery  current  of  the  devices,  thereby  minimizing  the 
snubber  size  and  losses. 

CONTROL 

Converters  must  generally  employ  phase -angle  lag  firing  to  control 
both  the  magnitude  and  the  waveform  of  the  output  voltage,  e.g. , industrial 
motor  drives  fed  from  a utility  system  must  be  operated  in  this  manner. 

The  present  ship  propulsion  system  would  be  similarly  restricted  if  a perma- 
nent magnet  generator  is  employed.  When  a field-controlled  generator  can 
be  dedicated  to  the  load,  a decided  advantage  can  be  gained  by  using  the 
field  to  regulate  the  magnitude  of  the  output  voltage.  Considerable  savings 
in  the  reactive  load  imposed  on  the  generator  and  in  the  losses  of  the  con- 
verter can  be  achieved. 

The  General  Electric  variable -speed,  constant-frequency  (VSCF) 
scheme  for  400-Hz  aircraft  electrical  power  systems  presently  employs  such 
a dedicated  field- controlled  generator.  Since  the  specifications  of  that 
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system  require  high  quality  sinusoidal  output,  the  converter  must  employ 
phase-angle  lag  firing  to  program  the  waveform.  In  general,  the  converter 
must  be  programmed  to  match  the  voltage  waveform  desired  by  the  load,  as 
modified  by  the  need  to  also  control  the  current  waveform  in  a desirable 
manner. 

If  the  ship  propulsion  motor  in  the  present  system  is  designed  to  gen- 
erate a trapezoidal  counter  EMF,  the  converter  should  be  controlled  to 
match  it  and  deliver  a current  consistent  with  efficient  power  transfer.  In 
particular,  the  reactive  power  and  the  need  for  forcing  voltages  should  be 
minimized. 

RATING  OF  MACHINES  WITH  NONSINUSOIDAL  WAVEFORMS 


The  power  rating  of  electromagnetic  apparatus  designed  for  sine-wave 
operation  is  given  as  the  product  of  the  rms  voltage,  Em/Vif,  and  the  rms 
current,  Im/V2>  which  equals  the  average  power  input  (or  output),  EmIm/2. 
For  nonsinusoidal  waveforms,  the  actual  rms  current,  Irnis,  is  still  valid 
for  determining  the  conductor  size.  However,  the  ferromagnetic  size  of  the 
equipment  is  better  related  to  the  average  voltage  instead  of  the  rms  voltage, 
since  the  magnetic  flux  required  is  proportional  to  the  area  under  the  volt- 
age curve.  For  nonsinusoidal  voltage  waveforms,  an  equivalent  voltage 
rating,  Eeqj  is  defined  as  the  rms  value  of  a sine  wave  having  the  same 
average  value  (or  area)  as  the  actual  waveform.  This  will  equal  the  average 
voltage,  Eav,  times  the  form  factor  for  a sine  wave: 


I W 


= 1.111  E 


(4-1) 


It  is  assumed  that  the  physical  size  of  a machine  (volume  and  weight)  is 
proportional  to  the  product  IrmsEeq*  The  ratinS  factor,  Fr,  is  defined  as 
this  equivalent  rating  relative  to  the  actual  average  power,  Pav, 


F = 

r 


I E 
rms  ec 


(4-2) 


For  sinusoidal  operation,  Fr  = 1,  so  any  value  in  excess  of  unity  is  a mea- 
sure of  the  size  penalty  paid  for  nonsinusoidal  operation. 

The  combination  of  a trapezoidal  voltage  and  a quasi- square  current, 
having  the  same  duration,  /3,  as  the  flat-top  of  the  voltage  wave,  is 
presented  in  Figure  4-2.  The  particular  case  = 2ir/3  is  applicable  to  the 
proposed  converter  (Figure  4-1).  The  average  value  of  voltage  is 


E = E 
av  m 


it  + Q 

-JT 


(4-3) 
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and  the  equivalent  voltage  rating  is 


E = E — = E ~J- 
eq  av  272  m 4^2 


The  rms  value  of  the  current  is 

1 


rms 


-1  yi 

mV  n 


The  average  power  with  these  waveforms  is 

P = E I ^ 
av  m mi 


Hence,  the  machine  rating  factor  is 

F = n * F 

r “ 4V2  V 0 


- 1.134  for  /3  = 2tt/3  = 120  degrees 


(4-4) 


(4-5) 


(4-6) 


(4-7) 


Figure  4-2. 

Power  and  Losses  with  Trape- 
zoidal Voltage  and  Quasi- 
square Current 
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CONVERTER  SYSTEM  RATING  FACTORS 


The  rating  of  thyristors  used  in  converter  circuits  is  more  difficult  to 
calculate,  especially  i:or  frequency  converters  of  the  type  considered  here. 
Because  of  the  catastrophic  breakdown  characteristics  of  semiconductors 
subjected  to  overvoltages,  their  voltage  rating  must  be  determined  by  the 
peak  instantaneous  voltage,  including  allowances  for  long  transients  (such  as 
generator  overspeed)  and  short  transients  (such  as  recovery  spikes). 
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The  current  rating  of  thyristors  is  mainly  determined  by  the  forward 
conduction  losses,  though  both  turn-on  and  turn-off  switching  losses  become 
important  at  higher  frequencies.  In  addition,  the  reverse  recovery  current 
of  the  devices  results  in  inevitable  losses  that  are  dissipated  elsewhere  in 
the  converter  circuit,  usually  in  the  snubber  damping  resistors.  To  limit 
the  recovery  voltage  spikes,  the  snubbers  must  dissipate  more  energy  than 
the  ’’inevitable"  losses  alone.  Furthermore,  the  recovery  of  one  device  in 
a circuit  usually  generates  voltage  steps  across  other  devices  that  are  block- 
ing at  that  time,  causing  losses  in  the  associated  snubbers.  Then,  the  ener- 
gy stored  in  the  snubber  capacitor  is  lost  when  the  thyristor  is  turned  on 
again.  All  of  these  switching  and  snubber  losses  can  amount  to  more  than 
the  conduction  losses,  reducing  the  efficiency  of  the  converter.  While  a pre- 
liminary estimate  indicates  that  these  effects  are  important  in  the  proposed 
propulsion  converter,  only  the  conduction  losses  will  be  considered  now. 


The  forward  voltage  drop  across  a thyristor  is  a nonlinear  function  of 
the  instantaneous  current.  However,  for  the  present  study,  it  is  reasonable 
to  approximate  the  forward  drop,  Vf,  by  a constant  component,  va,  and  a 
linear  resistive  component,  Ra  if: 


v.  = v + R i. 
f a a f 


The  instantaneous  power  loss  pf  is 


pf  = Vf  = Vl+Vl 


(4-8) 


and  the 


where: 

device, 


average  loss  Pf  for  one  complete  cycle  is 

P.  = v I + R I2 
f a av  a rms 


(4-9) 


Iav  and  Irms  are  the  average  and  rms  values  of  the  current  in  the 
which  can  be  calculated  from  the  circuit  waveforms. 


Unfortunately,  the  relative  importance  of  Iav  and  Irms  depends  upon  the 
values  of  va  and  Ra  for  the  particular  type  of  device  as  well  as  the  allowable 
value  of  the  losses,  Pf.  The  latter  depends  on  the  thermal  parameters,  such 
as  the  thermal  resistance  of  the  heat  sinking  system.  Also,  the  thermal 
capacitance,  which  determines  the  junction  temperature  fluctuations  about 
the  average  value,  becomes  especially  important  when  the  current  waveform 
is  highly  pulsating,  as  in  the  present  type  of  converter  circuit. 

Ignoring  the  thermal  factors  (or  assuming  they  are  the  same  for  alterna- 
tive circuits),  two  thyristor  rating  factors  can  be  calculated  for  the  convert- 
er circuits,  based  on  the  average  and  rms  values  of  the  current,  respec- 
tively: 
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N E , I 
pk  av 

— jP 


av 


F 

rms 


N E 


. I 

pk  rms 

V 


av 


(4-10) 


(4-11) 


where:  N = total  number  of  thyristors  in  the  converter 

E . = peak  voltage  across  a thyristor,  neglecting  transients 

pK 

Pav  = average  power  input/output  of  the  converter 
Iav>  Irmg  = average,  rms  current  in  each  thyristor 

RATING  FACTORS  FOR  CONVERTER  CIRCUIT  OF  FIGURE  4-1 


This  converter  system  operates  ideally  with  trapezoidal  motor  and  gen- 
erator EMF’s  having  /3  = 27r/3  (120  degrees),  which  should  be  practical  to 
produce.  As  sketched  in  Figures  4-3  and  4-4,  a mode  of  control  is  proposed 
in  which  the  current  waveforms  for  both  machines  are  quasi- square  with 
/3  = 120  degrees.  To  simplify  the  drawing,  a particular  frequency  ratio 
(fm/fg  = 1/3)  and  phase  relationship  has  been  assumed,  such  that  all  of  the 
thyristors  are  loaded  equally.  Also,  for  clarity,  phase-angle  lag  firing 
during  commutation  of  the  motor  current  has  been  ignored.  However,  rapid 
commutation  of  the  motor  current  is  feasible  because  the  motor  inductance 
can  be  small  in  this  system,  there  being  little  ripple  to  filter. 

In  fact,  for  the  ideal  case  depicted,  there  is  no  ripple  voltage  due  to 
generator  harmonics;  when  the  EMF  of  one  generator  phase  begins  to  fall, 
its  duty  is  transferred  to  the  next  phase  which  has  just  attained  the  flat-top 
level,  so  that  Eg  = Em.  At  any  given  instant,  two  phases  of  the  generator 
are  feeding  two  phases  of  the  motor.  The  total  power  is  equal  to 

2 E I = 2 E I (4-12) 

m m g g 


and  is  constant,  just  as  in  a d-c  or  polyphase  sinusoidal  a-c  system.  Both 
machines  are  loaded  uniformly  at  all  times,  and  torque  pulsations  are 
eliminated  (for  the  ideal  case,  which  can  be  closely  approached).  The  one 
phase  of  each  machine  that  has  zero  current  during  a given  interval  also  has 
a low  EMF  at  that  time;  thus,  it  would  be  unable  to  contribute  much  additional 
power  in  any  case.  The  rating  factors  of  the  two  machines  are  equal, 
having  the  value  of  Equation  4-7,  with  /3  = 120  degrees: 


5tt 

8V3 


1.134 


(4-13) 
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Figure  4-3. 


Figure  4-4 


EMF 


Motor  EMF  and  Current  Waveforms  with  Ideal 
Converter  Operation 


Generator  EMF  and  Current  Waveforms  with 
Ideal  Converter  Operation 
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Since  the  phases  in  the  converter  (Figure  4-1)  are  interlinked,  the 
entire  circuit  must  be  considered  in  computing  the  converter  rating  factors. 
The  total  number  of  thyristors  is  N = 18,  and  their  peak  voltage  is 


2 E = 2 E 
g m 


The  average  power  is  the  constant  value 


P 


av 


2 E I 


m m 


(4-14) 


(4-15) 


At  any  one  time,  two  of  the  eighteen  (1/9)  thyristors  are  conducting. 
The  current  in  one  device  is  shown  by  the  hatched  areas  in  Figures  4-3  and 
4-4.  The  average  and  rms  thyristor  currents  are  seen  to  be 

I 


I 

av 


0.111  Im 


(4-16) 


I 

rms 


I I 

m m 

V?  ~ 3 


0.333  I 

m 


From  Equations  4-10  and  4-11,  the  rating  factors  are  found  to  be 


= 2 


F 

rms 


= 6 


THYRISTOR  SELECTION  AND  RATING 


(4-17) 

(4-18) 

(4-19) 


The  largest  thyristor  presently  available  and  having  reasonable  switch- 
ing characteristics  for  operation  above  60  Hz  is  the  General  Electric  C712; 
this  device  has  tentatively  been  selected  for  the  proposed  ship  propulsion 
converter.  It  is  available  with  a peak  voltage  rating  of  2000  V (2100  V if  the 
minimum  junction  temperature  is  limited  to  0 C).  The  nominal  current 
rating  is  1000  A average,  based  on  half- sine- wave  conduction  at  60  Hz  and 
65  C case  temperature.  The  maximum  allowable  current  under  other  stan- 
dard conditions  can  be  obtained  from  curves  included  in  the  published 
specifications.  Unfortunately,  none  of  these  standard  conditions  pertain  to 
the  waveforms  imposed  by  the  present  converter  circuit. 


However,  examination  of  the  maximum  allowable  current  and  corre- 
sponding energy  loss  data  curves  over  the  frequency  range  of  interest  (60  Hz 
to  400  Hz)  reveals  that  the  rated  points  correspond  to  a conduction  loss  of 
about  2000  W at  65  C case,  reduced  to  1200  W at  90  C case.  Because  of  the 
poor  form  factor  in  this  converter  circuit,  the  switching  losses  are  ex- 
pected to  be  higher  than  usual.  Also,  operation  near  certain  critical 


mu  »iWln» 
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frequency  ratios,  fm/%>  causes  beat  frequency  effects  that  result  in  un- 
balanced sharing  of  the  load  between  the  thyristors  in  the  circuit.  To  allow 
for  such  conditions,  it  will  be  assumed  here  that  the  allowable  average  con- 
duction loss  is  1200  W,  but  the  case  temperature  must  be  limited  to  less 
than  90  C. 

The  forward  conduction  characteristic  of  the  C712  thyristor  (the  maxi- 
mum limit  cell  at  125  C junction)  is  presented  in  Figure  4-5.  The  normal 
peak  current,  Im,  in  the  converter  circuit  is  expected  to  be  less  than  5000  A. 
The  characteristic  curve  can  be  closely  approximated  in  this  range  by  Equa- 
tion 4-8,  with  va  = 1.1  V and  Ra  --  0.34  mfi.  The  expressions  of  Equations 
4-16  and  4-17  for  average  and  rms  currents,  respectively,  can  be  substituted 
into  the  average  conduction  loss  formula  (Equation  4-9),  which  is  set  equal  to 
the  allowable  loss  of  1200  W. 

P„  = v • 0.111  I + R • (0.333  I )2 
fa  m a ' m 

1200  - 1.1  • 0.111  I +0.34  • 10"3  • 0.111  1^  (4-20) 


Solution  of  the  quadratic  Equation  4-20  for  Im  yields 


0 1 2 3 A 5 6 7 


Voltage  v (V) 
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CONVERTER  FED  BY  A PERMANENT  MAGNET  GENERATOR 


= 1.45  1 
= 1.07  j 
1.0 
1.35 


for  a 

permanent 

magnet 

generator 


The  rated  crest  operating  voltage  applied  to  the  thyristors  is  2 Eg  in 
the  converter.  This  value  multiplied  by  the  following  factors  may  match  the 
peak  rated  voltage  of  the  devices,  in  this  case  2100  V: 

Generator  voltage  regulation  factor 

Generator  overspeed  factor 

Machine  transient  factor 

Converter  switching  transient  factor 

Converter  switching  commutating  notch  factor  =1.2 
(This  is  the  factor  by  which  the  generator 
voltage  must  be  increased  above  the  ideal 
value,  Eg) 

The  product  of  all  of  these  factors  is  equal  to  2. 51. 

In  the  case  of  the  converter  (Figure  4-1),  the  peak  machine  voltages 

2100 


are 


E = E = = 418  V 

g m 2*2.51 


(4-22) 


The  power  delivered  by  each  three-phase  link  is 


Pn  = 2 E I 
av  m m 


4-6, 


= 2 » 418  V • 4246  A • 10  UM\V 
= 3.55  MW 


(4-23) 


For  a 40  000-hp  motor  having  an  assumed  efficiency  of  96  percent,  the  total 
power  input  required  is 

- - 40  000  . 745.7  .i2l6=31aMW  (4-24) 


total 


"06" 


Since  the  converter  must  be  sized  to  provide  150  percent  current  for  150 
percent  torque  during  crash-back  operation,  the  total  number  of  18-thyristor 
links  required  is 

M = ■31,31  ^51-=-5  = 13  (4-25) 

and  the  total  number  of  C712  thyristors  is 

NM  = 18  • 13  = 234  (4-26) 
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POWER  TRANSMISSION  CABLES 


Another  consideration  is  the  total  number  and  current  rating  of  the 
cables  required  between  the  converter  and  the  motor.  For  the  system 
shown  in  Figure  4-1,  the  rms  current  for  the  waveform  in  Figure  4-3  is 

*rms(m)  ” 

= 4246  • 0.816  = 3465  A (4-27) 

The  total  number  of  cables  is  3 • 13  = 39,  having  a total  current  capacity  of 
39  • 3467  = 135,213  A. 

The  number  of  power  transmission  cables  can  be  reduced  by  increasing 
the  voltage  level  of  the  system.  If  two  thyristors  are  placed  in  series  in 
each  leg  of  the  converter  circuit  shown  in  Figure  4-1,  the  voltage  can  be 
nearly  doubled.  A small  derating  due  to  imperfect  voltage  sharing  across 
the  series  devices  will  occur.  We  can  assume  7 instead  of  13  transmission 
links,  each  delivering  3465  A per  phase,  as  given  by  Equation  4-27,  but 
operating  at  a voltage 

E = Em  = 418  • ^ = 776  V . 

CONVERTER  FED  BY  A CONVENTIONAL  FIELD-REGULATED  GENERATOR 


There  is  no  difference  in  the  basic  circuit  configuration  in  Figure  4-1 
for  a converter  fed  from  a conventional  generator.  However,  a significant 
reduction  in  size  of  the  equipment  and  an  improvement  in  efficiency  will 
occur,  because  regulation  of  the  motor  voltage  can  now  be  accomplished  by 
field-control  of  the  generator  instead  of  phase-control  of  the  converter. 

The  most  important  improvement  is  elimination  of  the  generator  voltage 
regulation  factor  (1.45)  from  consideration  in  the  peak  voltage  ratin'  of  the 
thyristors.  The  no-load  voltage  of  the  generator  can  be  maintained  equal  to 
the  full-load  voltage  by  reducing  the  field  flux.  Likewise,  allowance  for  an 
overspeed  factor  (1.07)  is  unnecessary  with  field  control. 


The  converter  switching  transient  and  the  commutating  notch  factors  re- 
main as  considerations  in  thyristor  voltage  rating.  Using  the  same  thyris- 
tors having  a peak  voltage  rating  of  2100  V,  the  rated  machine  voltages  can 
be  increased.  Equation  4-22  becomes 


2100 

1.35  • 1.2 


= 648  V 


The  power  delivered  by  each  three-phase  link  increases  to 


.wf*H  imv 
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P = 2 E I 
av  mm 


v-6 


= 2 • 648  V • 4246  A • 10  MW 
= 5.  50  MW 

Therefore,  the  total  number  of  18 -thyristor  links  can  be  reduced  to 

31.1  • 1.5 


M = 


5.50 


- 9 


and  the  total  number  of  C712  thyristors  is 

NW  = 18  • 9 = 162 


In  summary,  for  the  conventional  generator-permanent  magnet  motor  system 
there  can  be  a 4/13  (31  percent)  reduction  in  the  number  of  thyristors,  ma- 
chine windings,  cables,  and  thyristor  conduction  losses  over  the  permanent 
magnet  generator-permanent  magnet  motor  case. 


The  efficiency  of  the  converter  will  also  be  improved  by  lower  switching 
losses  when  the  load  is  less  than  maximum,  under  which  conditions  the 
pe  rmanent  magnet  generator  voltage  would  otherwise  rise.  Switching  losses 
are  proportional  to  the  voltage  across  the  thyristors  when  they  are  switched. 

When  field  control  of  the  generator  is  substituted  for  phase  control  of 
the  converter,  the  phase  delay  can  be  minimal  at  all  times  and  the  power 
factor  imposed  by  the  converter  on  the  generator  will  be  high,  even  at 
reduced  load.  The  losses  in  the  generator  will  be  smaller.  The  harmonic 
losses  in  the  motor  will  be  reduced  because  the  output  waveform  of  the  con- 
verter is  better  with  minimal  phase  delay. 


If  one  were  to  design  a converter  for  a conventional  generator  system 
using  the  new  CXX  77-mm  thyristor,  a further  reduction  in  converter  size 
and  weight  could  be  achieved.  Using  the  2400- V peak  rating  of  the  CXX,  the 
converter  capability  is  changed  as  follows: 


E = E = 


2400 


g 


av 


m 2 • 1.35  • 1.2 


= 741  volts 


-6 


2 • 741  • 4941  A • 10  MW 


= 7.32  MW 


M = 6 groups  of  18-thyristor  links 
NM  = 108  thyristors 
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This  will  substantially  reduce  the  number  of  thyristors  and  the  number  of 
power  cables  and  resistors  between  the  converter  and  the  motor. 

THYRISTOR  PACKAGING  AND  POWER  CONDITIONING  MECHANICAL  DESIGN 


Two  thyristors  have  been  considered  for  this  application,  the  General 
Electric  C712,  a 53-mm  device  which  is  commercially  available,  and  the 
CXX,  a 77-mm  device  presently  in  development.  The  C712  thyristor  has  a 
maximum  junction  temperature  of  125  C,  and  suitable  cooling  systems  must 
be  provided  so  that  this  temperature  is  not  exceeded  when  the  system  is 
operating  under  the  most  severe  load  conditions.  Both  air  and  liquid  cooling 
have  been  considered,  but  an  analysis  made  by  W.H.  Tobin  of  the  General 
Electric  Static  Power  Components  Operation  (SPCO)  in  Collingdale,  Pa. , 
indicates  that  only  liquid  cooling  can  be  used  if  the  crash-back  condition 
persists  for  periods  as  long  as  two  minutes.  Air  cooling  could  be  used  with 
the  larger  CXX  device.  However,  the  system  study  will  use  the  C712  thy- 
ristor because  of  its  present  availability. 

The  chosen  system  using  water  cooling  is  described  below,  and  esti- 
mates of  its  size  and  weight  are  piesented.  In  addition,  an  estimate  of  the 
pump  power  needed  to  circuiate  the  water  is  made.  A comparison  of  the 
performance  of  the  C712  and  the  CXX  thyristors  under  different  load  condi- 
tions when  they  are  cooled  by  either  air  or  water  is  presented. 

Each  C712  thyristor  will  have  a G18  water-cooled  heat  dissipator 
attached  on  both  the  cathode  and  anode  sides,  as  shown  in  Figures  4-6  and 
4-7.  The  G18  unit  is  a standard  unit  made  by  the  General  Electric  Semi- 
conductor Products  Department  in  Auburn,  New  York.  Higher  performance 
heat  dissipators  are  available  as  custom  designs,  but  for  this  system  study 
the  standard  unit  is  being  used. 

The  weight  of  the  thyristor,  the  two  dissipators,  and  the  mount  is  9 
pounds;  its  volume  is  219  in^.  The  power  conditioning  system  will  also  need 
a saturable  reactor  for  each  pair  of  thyristors  as  well  as  associated  snub- 
bers; the  weight  of  these  has  been  estimated  from  a similar  system  to  be 
about  33  lb  for  each  pair  of  thyristors.  Thus,  the  total  weight  of  the  234- 
thyristor  system  with  auxiliaries  is  estimated  to  be  6000  lb.  The  volume  of 
the  thyristors  only  would  be  51  246  in^.  But,  a more  realistic  packing 
density  with  reactors  and  snubbers  estimated  from  the  other  system  yields 
a volume  of  540  000  in^.  This  would  fit  in  a cube  81  in.  on  an  edge.  This 
volume  estimate  is  generous  because  the  system  on  which  it  is  based  is  a 
high  voltage  system,  and  more  space  was  needed  for  voltage  standoff.  As 
such,  this  should  be  an  upper  limit  for  the  volume  of  the  system  in  this 
study. 
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The  thermal  resistance  of  a water-cooled  system  from  thyristor  ju  - 
tion  to  water  varies  with  the  flow  rate  of  the  water.  A flow  rate  of  between 
2 and  3 gal. /min  has  been  found  adequate  for  this  system.  The  Pressure 
drop  across  a G18  heat  dissipator  at  a flow  rate  of  3 gal. /min  is  1®ss  JhaiL 
1 6 lb/in  . Thus,  for  each  thyristor  the  drop  will  be  less  than  3.2  psi.  The 
pump  power  needed  for  each  thyristor  is  4. 18  W.  The  power  for  ^e  whole 
thyristor  system  will  be  977  W.  The  pump  power  for  the  entire  system  will 
be  still  greater  because  of  the  pressure  drop  in  the  heat  exchanger  andt 
less  than  100  percent  efficiency  of  the  pump.  An  estimate  of  2 kW  for  the 
whole  system  is  reasonable,  because  the  977  W for  the  thyristors  is  a worst- 

case  estimate. 

Both  the  weight  and  the  volume  of  the  system  would  be  increased  if  air 
cooling  had  been  used.  This  could  be  done  with  the  C712  thyristor  for  the 
cruise  and  rated  conditions,  but  not  for  crash-back.  The  weight .of  234  air- 
cooled C712  devices  with  reactors  and  snubbers  would  be  about  9750  lb,  or 
about  a 50  percent  increase  over  the  water-cooled  weight.  The  volume  of  a 
single  C712  air-cooled  assembly  would  be  about  315  in. again  about  a 50 
percent  increase  over  the  water-cooled  volume.  The  change  in  the  system 
volume  would  not  be  as  great,  however,  because  this  is  mostly  determined 
by  the  snubbers,  the  reactors,  and  the  mounting  for  voltage  standoff. 


Figure  4-8.  General  Electric  Freon  113- cooled  Heat  Dissipator 
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It  is  possible  to  use  liquids  other  than  water  in  liquid-cooled  systems, 
but  they  must  be  chosen  with  care.  For  example,  if  an  oil  (Mobil  Therm  600) 
is  substituted  for  water  at  the  same  Reynolds  number,  the  heat  transfer  will 
be  decreased  by  a factor  of  15*  Such  a change  could  be  accomplished  by  re- 
design of  the  heat  dissipator  and  an  increase  in  the  pump  power,  but  it  need 
not  be  done  unless  freezing  of  the  water  is  a problem.  Another  solution  to 
the  freezing  problem  is  the  use  of  Freon  113  liquid.  A high- efficiency 
aluminum  heat  sink  which  uses  Freon  113  has  been  designed  by  the  General 
Electric  Static  Power  Components  Operation  (SPCO).  At  a flow  rate  of 
1 gal.  /min,  it  has  a thermal  resistance  almost  as  low  as  the  G18  thyristor 
with  water  at  2 gals.  /min.  This  device  is  shown  in  Figure  4-8. 


THERMAL  ANALYSIS 

W.  H.  Tobin’s  thermal  analysis  for  the  thyristors  follows: 
Specified  Thyristors 


712L/6RT107DB  and  CXX 
2000  V 40  C to  0 C 
2100  V 0 C to  125  C 

Energy  per  Pulse 
Assumptions 
Snubber  dump 
di/dt 

Pulse  duration 
Reverse  recovery  current 
Reverse  voltage 


Average  Power  Dissipation 

200  A 
100  A/jns 
925.9  /is 
700  A 

100  V/jus  to  2000  V max. 


C712  Thyristor 

Peak  current,  A 
Energy,  W-s 

Average  device  power  losses,  W 
ATf,  °C 

Average  system  power  losses,  kW 
CXX  Thyristor 


Cruise 

Rated 

Crash-back 

849 

2831 

4246 

1.73 

6.15 

10.5 

208 

738 

1260 

5 

9 

13 

48.7 

172.7 

294.8 

849 

2831 

4246 

1.74 

5.42 

8.7 

Peak  current,  A 
Energy,  W-s 
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Average  device  power  losses,  W 

209 

650 

1045 

AT,,  °C 

2.8 

5 

6 

Average  system  power  losses,  kW 

48.7 

152.1 

244.5 

The  instantaneous  rise  of  junction  temperature  above  the  average 
junction  temperature 

Thermal  Requirement 

Assumption  — crash-back  condition  for  2 min 

Thermal  Resistance  for  C712  Thyristor 

With  air  cooling:  R TA  =0.07  C/W  continuous 

= 0.059  C/W  120  s 

With  water-cooled  GISjR^j^  = 0.053  C/W  120  s and  continuous  assembly 

Thermal  Resistance  for  CXX  Thyristor 

With  air  cooling:  R„TA  = 0.057  C/W  continuous 

= 0. 046  C/W  120  s 

With  water  cooling:  R^jW  = 0. 040  C/W  120  s and  continuous 


Junction  Temperature  Calculation  for  C712  Thyristor 

T.  = 125  C - 13  C = 112  C maximum  allowable  average  junction 
temperature 

Water  cooling  — inlet  30  C,  2 to  3 gal. /min 

T.„  ~ = 30  C + 1260  (0.053)  = 97  C (OK) 
jH2° 

Air  cooling  — 40  C air 

T.  . = 40  C + 738  (0.07)  + (1260  - 738)(0.059)  = 122  C (too  hot) 


Junction  Temperature  Calculation  for  CXX  Thyristor 

T.  = 125  C - 6 C = 119  C maximum  allowable  average  junction 
■*  temperature 

Water  cooling  30  C inlet  temperature 


T, 


jH,0 


30  C + 1045  (0. 04)  = 72  C (OK) 
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Air  cooling  — 40  C air 

Tjair  = 40  C x 650  (0. 057)  + (1045  - 650)(0.046)  = 95  C (OK) 
SUMMARY 


In  summary,  a water-cooled  thyristor  assembly  using  C712  devices  can 
be  used  for  all  load  conditions  of  this  application.  The  assembly  will  weigh 
about  6000  lb  and  occupy  a volume  less  than  a cube  81  in.  on  an  edge.  The 
cooling  pump  power  will  be  about  2 kW.  A future  device,  the  CXX,  will 
permit  the  assembly  to  be  used  with  either  air  or  water  cooling.  The  CXX 
thyristor  has  a higher  current  rating;  thus,  fewer  of  these  need  to  be  used 
in  the  system  to  control  the  power  flow. 

The  CXX  thyristor,  which  is  presently  in  development,  will  probably 
become  available  in  about  one  year.  Its  forward  conduction  characteristic 
has  been  measured;  in  the  current  range  of  less  than  5000  A,  it  can  be  ap- 
proximated by  Equation  4-8,  with  Va  = 1.1  V and  Ra  = 0.22  mft.  In  addi- 
tion, its  voltage  rating  is  2400  V,  instead  of  2100  V,  for  the  C712  thyristor. 
Using  these  new  values,  various  systems  currents,  voltages,  and  powers 
have  been  reevaluated: 


I 

m 

= 4941  A 

Equation  4-21 

E 

m 

= 478  V 

Equation  4-22 

P 

av 

= 4. 72  MW 

Equation  4-23 

M 

= 10 

Equation  4-25 

NM 

= 180 

Equation  4-26 

Thus,  with  this  new  device  for  the  permanent  magnet  generator- 
permanent  magnet  motor  system,  the  total  number  of  18-thyristor  links  can 
be  decreased  from  13  to  10,  and  the  total  number  of  thyristors  decreased 
from  234  to  180.  The  total  number  of  cables  would  be  decreased  from  39  to 
30. 


To  completely  evaluate  this  new  device,  it  needs  to  be  operated  in  a sys- 
tem with  required  snubbers  and  reactors,  then  system  losses,  weights,  and 
volumes  can  be  determined  for  comparison  with  present  thyristors.  Because 
of  potential  savings  in  systems  simplicity  as  well  as  weight  and  volume,  it 
is  recommended  that  evaluation  of  the  CXX  thyristor  be  completed  and  the 
device  tested  in  systems  applications.  In  addition,  it  is  recommended  that 
higher  efficiency,  liquid- cooled  heat  sinks  and  the  C712  and  the  CXX  thy- 
ristors be  evaluated.  It  is  also  recommended  that  a breadboard  circuit 
using  the  C712  thyristor  be  evaluated  with  the  necessary  snubbers  to  deter- 
mine more  precisely  the  losses  that  have  been  estimated  in  this  study. 
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If  fh«  CXX  thvrlstor  is  used  instead  of  the  C712  with  a conventional 
field“eh^Sg”ortLre  can  be  a further reduction iin  equipment 
size  and  weight.  The  rated  machine  voltage  can  be  increased. 


E = E = 741  volts 
g m 


The  power  delivered  by  each  three-phase  link 


P = 7.32  MW 
av 


The  total  number  of  18  thyristor  links  reduced  to 

M = 6 

and  the  total  number  of  thyristors  will  be 

NM  = 108 

The  number  of  cables  required  is  18. 

saSSSSHSSsSSsr; 

I™  S Se  lt  18  estimated  that  the  40  000-hp  converter  volume  wll  be 
about  230  ft3  and  the  weight  about  4500  lb. 
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Section  5 
CONCLUSIONS 


This  study  shows  that  permanent  magnet  motor  electrical  propulsion 
systems  are  practical  for  ship  propulsion  systems;  such  systems  are  rela- 
tively lightweight,  have  good  efficiencies,  and  are  unusually  flexible. 

One  of  the  results  of  this  study  is  that  several  technology  areas  need  to 
be  investigated  further  before  large  permanent  magnet  machines  should  be 
built  for  U.  S.  Navy  applications.  These  areas  are  identified  as: 

• A manufacturing  or  process  technology  development  program  to 
demonstrate  that  high  coersive  force  magnets  can  be  packaged  into 
subassemblies  of  a size  and  form  necessary  for  use  in  large  machinery. 

• It  has  become  apparent  during  this  study  program  that  for  the  perfor- 
mance characteristics,  including  losses  and  system  trade-offs,  to  be 
meaningful  a much  better  defined  ship  application  is  necessary  before 
detailed  analyses  can  be  performed. 

• The  disc-type  permanent  magnet  generator  with  its  potential  regula- 
tion capabilities  needs  to  be  investigated  further.  Such  a study  should 
include  a detailed  mechanical  design  and  performance  analysis  of  this 
machine  as  well  as  an  investigation  into  the  manufacturing  and  assem- 
bly problems  associated  with  the  disc-type  machine. 

Based  on  the  results  of  this  study,  it  is  anticipated  that  a permanent 
magnet  machine  propulsion  system  is  a prime  candidate  for  electrical  propul- 
sion systems  for  new  and  existing  ships. 

General  Electric ’s  permanent  magnet  motor  concept  includes  a very  at- 
tractive feature  in  which  low  rpm  machines  can  be  operated  and  cooled  by 
flooding  with  a cooling  fluid  such  as  water.  This  particular  feature  has  advan- 
tages in  large  high  power  density  machines,  as  pressurized  and  piped  cooling 
systems  tend  to  become  complex  and  less  reliable.  This  flooded  motor  concept 
is  very  appealing  for  use  in  ships  such  as  the  hydrofoil  and,  perhaps,  the  sub- 
marine. These  two  ship  types  are  prime  candidates  for  further  studies  in- 
volving permanent  magnet  machines. 

The  permanent  magnet  motor  concept  should  also  be  applied  to  applica- 
tions in  the  Navy  for  smaller  horsepower  machines,  such  as  auxiliary  and 
pump  motors.  Both  fixed-speed  and  variable -speed  machines  should  be  stud- 
ied with  emphasis  on  reliability,  ease  of  maintenance,  and  life-cycle  costs. 

The  disc  permanent  magnet  generator  concept  described  briefly  in  Sec- 
tion 3,  ’’Permanent  Magnet  Machine  Trade-off  Designs,  ” of  this  report  should 
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be  given  more  consideration  for  ship  service  generator  applications.  This 
machine  concept  has  received  very  little  attention  in  the  technical  community 
and  should  be  examined  for  the  limits  of  its  capabilities.  The  disc  machine 
concept  can  also  be  applied  to  motors,  with  one  unique  advantage  --  disc 
motors  can  be  mounted  on  a single  bearing  common  to  the  driven  shaft. 

General  Electric  is  confident  that  the  a-c  propulsion  system  described 
in  this  report  can  be  developed  for  these  applications  as  a cost-effective 
propulsion  system  on  a life- cycle  cost  basis. 
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Appendix  A 
SYSTEM  OPERATION 


TWIN-SHAFT  DESTROYER  SHIP 

The  operator  is  provided  with  the  following  basic  controls: 

• Power  selection  switch 

• Control  power  switch 

• Throttle  for  each  motor 

• Start  and  stop  switch  for  each  turbine 

STEP  1 — DOCKSIDE 

During  this  step,  the  propulsion  plant  is  brought  to  a standby  condition. 

1.  Control  power  is  energized. 

2.  The  generators  to  be  used  for  the  particular  mission  mode  are 
brought  up  to  idle  speed  and  connected  to  the  cycloconverter. 

The  motors  are  deenergized  as  the  thyristors  are  locked  out  and 
prevented  from  firing. 

The  power  selection  switch  designates  the  number  of  generators  that 
have  to  be  used,  and  sets  up  the  logic  for  automatically  starting,  connecting, 
disconnecting,  and  stopping  the  various  generators  according  to  the  follow- 
ing selections: 

1.  No  turbines 

2.  One  port  turbine  for  both  motors 

3.  One  starboard  turbine  for  both  motors 

4.  One  turbine  per  motor 

5.  Two  turbines  per  motor 

The  throttle  for  each  motor  has  the  following  settings: 

Open.  In  this  position,  the  steady- state  condition  is  that  all  of  the 
generators  called  for  by  the  power  selection  switch  are 
connected  to  the  line,  with  the  turbine  fuel  flow  at  idle  on 
all  of  the  units. 

Graduated  rpm  Scale.  The  desired  steady- state  propeller  speed  is 
obtained  by  moving  the  throttle  to  the  proper  position  on  the 
digital  scale.  The  rpm  range  is  a function  of  the  number  of 
turbines  selected. 
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STEP  2 — DOCKSIDE  AND  HARBOUR  MANEUVERING 
(Quarter- connected  Power) 

In  this  step,  propeller  speeds  in  either  direction  of  rotation  up  to  the 
level  set  by  the  connected  power  are  available.  One  turbine  for  both  motors 
will  give  propeller  speeds  up  to  88  rpm.  This  is  accomplished  by  setting 
each  throttle  level  in  the  required  direction  to  the  desired  speed  value.  The 
control  is  such  that  each  cycloconverter  receives  firing  pulses  for  the  cor- 
rect phase  rotation  and  accelerates  each  motor  to  the  selected  speed.  The 
turbine  fuel  is  controlled  automatically  to  achieve  the  turbine  speed  and 
horsepower  that  are  consistent  with  the  desired  propeller  speed. 

If  the  motor  direction  is  to  be  reversed,  the  throttle  is  moved  to  the 
desired  setting  in  the  opposite  direction.  The  following  sequence  automati- 
cally occurs: 

1.  The  turbine  fuel  is  cut  to  idle. 

2.  The  cycloconverter  reverses  the  power  flow,  and  the  motor  regener- 
ative power  is  absorbed  in  the  power  turbine. 

3.  The  cycloconverter  reverses  the  phase  rotation  and  accelerates  the 
motor  to  the  reverse  speed  selected.  The  turbine  fuel  flow  is  re- 
turned to  automatic  control  for  the  speed  and  horsepower  require- 
ments. 

STEP  3 — INCREASED  POWER  (Half-connected  Power) 

In  this  step,  one  generator  per  motor  is  connected  on-line  for  propeller 
speeds  up  to  125  rpm.  This  operation  is  accomplished  as  follows: 

1.  Leaving  the  throttle  at  any  required  value  of  speed,  the  operator 
moves  the  power  selector  switch  to  Position  3.  This  step  automati- 
cally starts  the  necessary  generator  with  the  turbine  fuel  flow  at 
idle. 

2.  The  cycloconverters  are  phased  off  and  the  connected  generator 
(supplying  both  motors)  is  disconnected,  and  the  turbine  fuel  flow  is 
set  down  to  idle. 

3.  The  generators  are  connected  to  their  respective  cycloconverters. 

The  cycloconverters  receive  firing  pulses  for  the  correct  phase 
rotation  and  accelerate  each  motor  to  the  speeds  selected  on  the 
throttles.  The  turbine  fuel  flow  is  automatically  regulated  for  the 
speed/horsepower  relationship  determined  by  the  power  requirements. 

STEP  4 — HIGH  SPEED  (Full- connected  Power) 

In  this  step,  two  generators  per  motor  are  connected  on-line  for  propel- 
ler speeds  up  to  168  rpm.  The  operation  is  accomplished  as  follows: 
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1.  The  operator  moves  the  throttles  to  168  rpm  and  the  power  selector 
switch  to  Position  4.  This  step  automatically  starts  the  two  remain- 
ing generators  with  the  turbine  fuel  flow  at  idle.  The  connected  gen- 
erators are  operating  the  propulsion  motors  at  125  rpm. 

2.  The  two  remaining  generators  are  now  connected  to  their  respective 
sections  of  the  cycloconverter.  These  sections  of  the  cycloconverters 
now  receive  firing  pulses  and  are  phased  up  and  controlled  to  share 
the  motor  load  for  the  125-rpm  operation.  The  turbine  fuel  flows  on 
all  of  the  turbines  are  automatically  regulated  for  the  speed/horse- 
power relationships  determined  by  the  power  requirements. 

3.  All  sections  of  the  cycloconverters  are  now  controlled  to  accelerate 
the  motors  to  the  168  rpm  value. 

STEP  5 — CRASH-BACK 


In  this  step,  power  to  the  propellers  is  reversed,  and  the  ship  is 
brought  stationary  in  the  water  as  rapidly  as  possible.  The  operation  is 
accomplished  by  moving  both  throttle  levers  to  the  maximum  reverse  posi- 
tion, which  initiates  the  following  sequence: 

1.  The  turbine  fuel  on  all  of  the  units  is  cut  to  idle. 

2.  When  the  propeller  speed  drops  to  slip- speed  braking,  resistors  are 
applied  across  the  motor  terminals.  The  resistor  value  is  progres- 
sively reduced  by  shorting  switches  to  maintain  a motor  phase  cur- 
rent of  150  percent.  The  turbine  fuel  flow  is  automatically  regulated 
to  maintain  the  turbine  speed  as  close  as  practicable  to  its  minimum 
value. 

3.  With  the  remaining  sections  of  the  resistors  applied  to  the  motors, 
the  motors  are  still  turning  ahead  at  slow  speed,  and  the  stator  cur- 
rent has  dropped  to  a relatively  low  value.  The  cycloconverters  are 
controlled  to  supply  power  to  the  motor  resistor  combinations.  Some 
of  the  power  is  used  to  reverse  the  direction  of  the  motors,  and 
some  of  the  power  is  dissipated  in  the  resistors. 

4.  When  the  motors  reverse  their  direction  of  rotation,  the  braking 
resistors  are  removed  from  the  circuit.  The  cycloconverters  are 
controlled  to  accelerate  the  motors  to  the  maximum  speed  obtainable. 
The  turbine  fuel  flow  is  automatically  regulated  for  the  speed/horse- 
power relationships  determined  by  the  power  requirements  during 
this  maneuver. 

5.  When  the  ship  stops,  the  operator  moves  both  throttles  back  to  the 
reverse  or  forward  speeds  desired,  and  the  control  automatically 
brings  the  motors  to  those  values. 
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STEP  6 — POWER  REDUCTION 

In  this  step,  power  to  the  propellers  is  reduced  by  dropping  the  gas  tur- 
bines. This  is  accomplished  by  the  operator  moving  the  power  selection 
switch  to  the  power  combination  position  required. 

1.  The  generators  not  required  are  automatically  reduced  in  load  and 
disconnected.  The  applicable  turbine  fuel  flows  are  reduced  to  idle. 

2.  The  still- connected  power  is  automatically  controlled  to  operate  the 
propulsion  motor  s at  the  speed  set  on  the  throttles,  or  to  the  maxi- 
mum speed  obtainable  on  that  power  configuration  if  the  throttle 
position  calls  for  a higher  speed,  if  the  throttle  position  would  have 
to  be  reduced  into  the  correct  power  zone  for  speed  control  of  the 
motors. 

HYDROFOIL  SHIP 

System  operation  will  be  identical  to  that  described  for  the  destroyer, 
except  the  one  generator  per  motor  represents  full-connected  power  oper- 
ation rather  than  the  destroyer  half-connected  power.  The  equivalent 
propeller  speed  ranges  would  be:  1)  half-connected  power  of  one  generator 
for  two  motors  for  propeller  speeds  of  0 to  890  rpm,  and  2)  full-connected 
power  of  one  generator  per  motor  for  propeller  speeds  of  0 to  1200  rpm. 
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Appendix  B 

THE  INFLUENCE  OF  MACHINE  CHARACTERISTICS 
UPON  THE  WEIGHT  AND  VOLUME  OF  A SYNCHRONOUS  GENERATOR 


A machine  characteristic  important  for  the  contemplated  application  of 
this  machine  is  the  commutating  reactance,  which  is  practically  identical  to 
the  negative  sequence  reactance. 


X " 
q J 


X ~ X = 4(X  " +X  ") 

C a 6 G Q 

subtransient  reactances  in  direct,  d, 
and  quadrature,  q,  axes 


(B-l) 


If  no  amortisseur  reactances  are  present,  the  subtransient  reactances 
are  equivalent  to  the  transient  reactance.  Furthermore,  if  the  field  leakage 
reactance  is  large  compared  to  the  synchronous  reactance  in  the  direct 
axis,  Xad,  one  can  simplify  as  a first  approximation 


(B-2) 


In  other  words,  the  synchronous  reactances  contribute  significantly  to  the 
commutating  reactance  for  a machine  when  the  above  approximations  are 
valid.  This  indicates  that  when  attempting  to  find  a relationship  between 
commutating  reactance  and  machine  volume  and  weight,  one  has  to  find  a 
relationship  between  synchronous  reactance  level  and  volume.  Qualitatively, 
that  can  be  done  as  follows:  the  voltage  produced  in  a synchronous  machine 
can  be  written  as 


E.  = uxWx^x^i 


where: 


go  = rotational  frequency 
W = number  of  turns  per  phase 
£ = winding  coefficient 
0 = magnetic  flux  per  pole 


or  with 


♦ = TPxHixBg 

E.  = wxWx{  xr  xH,xB„ 
i pig 


(B-3) 
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ttD 

wuere:  rp  = pole  pitch  = 
p = pole  pairs 

Bg  = average  air  gap  flux  density 

Assuming  the  machine  operates  at  constant  speed  and  maximum  allowable 
flux  density,  Bg  (thus  constant),  the  same  voltage  can  be  produced  either 
through  a large  number  of  turns  and  a small  pole  area  (rp  x Hj)  or  through  a 
small  number  of  turns  and  a large  area.  The  machine  synchronous  reactance 
is  proportional  to  the  number  of  turns  squared  and  to  the  pole  area. 

o r x H. 

Xad  - <W«)2  x -E-j-i  (B-6) 


where:  5 = air  gap  length 

Thus,  when  the  stack  length  (and  the  pole  area)  is  reduced  and  the  number  of 
turns  is  increased,  to  maintain  constant  voltage,  the  reactance  of  the  new 
machine  will  be  larger  by  W x l , 

Xadl/Xado  ■ WlVW0«0  <B-7> 

e.  g. , a reduction  in  machine  volume,  though  decreasing  the  stack  length, 
results  in  an  increase  in  reactance  level. 

A quantitative  approach  becomes  more  involved,  as  is  shown  below. 

The  volume  of  an  electrical  machine  consists  of  two  parts:  one  is  associated 
strictly  with  the  end  turns,  the  other  is  associated  with  the  active  part  of  the 
machine  and  can  be  written  as  follows: 

V2  = £x  H.  x (D  + 2 x hc  + 2 x hs)2  (B-8) 

where:  Ek  = stack  length 

D = bore  diameter 

h = core  height  (behind  slot) 
c 

hg  = slot  depth 

This  neglects  the  frame  contribution,  which  could  be  included  as  a 2 x thp 
term  in  the  parentheses.  For  trend  investigations,  it  is  neglected  for  sim- 
plicity sake.  For  a machine  with  a number  of  poles  larger  than  eight,  the 
volume  and  weight  contribution  of  the  end-turn  section  has  also  been  omitted 
to  allow  simpler  relations  to  be  developed.  Its  contribution  can  be  esti- 
mated afterwards  and  added  if  necessary. 
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To  tie  the  synchronous  reactance  level  to  the  volume,  we  will  use  the 
relationship  between  current  sheet  and  magnetic  flux  and  torque  produced  in 
the  machine 

T = pxDX|X Amax x 0 (B-9) 

Since  the  power  output  and  the  speed  are  assumed  to  be  constant,  we  get 

p x D x Amax  x 0 = Constant  (B-10) 

A „ can  be  replaced  with 

max 

Amax  = mxWxE 

where:  m = number  of  phases 

I = rms  current  per  phase 

while  0 can  be  replaced  with 

0 = t x H.  x | x B (B-12) 

r p i 7r  mg 

where:  B^  = maximum  flux  density  in  the  air  gap 

This  results  in 

pxDxmxWx£  x t x H.  x - B = Constant  (B-13) 

it  x jj  p i 7r  mg 

or 

p x m x W x £ x r x H.  x B x I = Constant  = Ci  (B-14) 
pi  mg  1 

The  number  of  turns  per  phase,  W,  can  be  expressed  as 

si  x 

w ■ <b’15> 

where:  a = number  of  parallel  circuits  per  phase 

Sj  = number  of  stator  slots 

T = turns  per  coil 

pc 

for  a two  layer  winding  (two  coil  sides  per  slot). 


21 VJ 

ir  x D 


(B-U) 
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Substituting  Equation  B-15  into  Equation  B-14,  we  obtain 

S1 

pxTx  T x | x T x H.  x B x I = C'  (B-16) 

c a pc  p i nig  1 

I/a  equals  the  current  per  circuit,  and  thus  per  coil,  and  can  be  expressed 
as 


1 

a 


ax  W x h 
cu  cu 


where: 


or  = current  density 

W = width  of  the  conductor 

cu 

h = height  of  the  conductor 

vU 


(B-17) 


Furthermore,  for  a two  layer  winding,  one  can  approximate 

r W xh 

TpcXa  ffX-V-2  <B-18> 

where:  W = width  of  slot 

D 

Equation  B-16  can  then  be  rewritten  as 

p x Sx  x ? x Tp  X Bmg  X <TX  Hj  x Wg  X hs  = Ct  x 2 = C2  (B-19) 


This  equation  gives  a relationship  between  the  stack  length,  H.,  and  the  slot 
depth,  hs,  when  all  of  the  other  parameters  are  kept  constant.1  Bmg  and  a 
are  supposedly  at  the  maximum  permissible  values. 


Equation  B-19  can  be  utilized  to  replace  Hj  in  Equation  B-8. 

Q 

V2  = 4 X + 2hc  + 2V  x pxS,x|XT  xB  xaxW  x h 

^ 1 s p mg  s 


(B-20) 


s 


or 


V2  ” C3  X S.  x | x Bmrr  x ax  Wo 
1 mg  s 


(D  + 2hc  + 211^ 
t)  x h_ 


(B-21) 


This  equation  needs  to  be  commented  on.  Equation  B-18  equates  the  number 
of  turns  with  the  slot  depth,  while  Equation  B-19  gives  us  a relation  between 
h8  and  IL.  Thus,  an  increase  in  hg  means  an  increase  in  the  number  of 
turns  and  a decrease  in  as  is  necessary  to  produce  constant  voltage  in 
machines  that  only  differ  in  the  stack  length  and  in  the  number  of  turns. 
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The  next  step  Is  to  find  a suitable  expression  for  the  synchronous  re- 
actance. 

(B-22> 

where:  fj. = permeability  of  air 

C . = pole  form  coefficient 


t and  H.  can  be  substituted  as  before  to  obtain 
P i 

S.  x 4 x We 

Xad  = C x --J 5 h (B-23) 

(p  x a x hcu  x Wcu)  x<rxmxBmgx<, 


This  expression  relates  X^  to  hfl. 

Equations  B-23  and  B-21  are  then  combined  to  relate  Xacj  to  the  volume 
for  machines  of  the  same  power  and  voltage  output  at  identical  speeds. 

These  machines  differ  only  in  stack  length  and  number  of  turns  per  coil  and 
thus  per  phase  (a  is  constant).  The  resulting  function,  Xatj  versus  volume 
and  thus  weight,  is  shown  in  Figure  B-l.  Since  these  investigations  have 
been  done  for  the  purpose  of  finding  out  how  the  reactance  of  a given  machine 
changes  when  the  volume  is  reduced,  both  X^  and  V are  referred  to  the 
original  values  Xado  and  VQ.  This  curve  is  intended  to  show  the  trend,  and 
other  operating  restrictions  will  have  to  be  considered  to  determine  the 
degree  of  applicability  of  the  found  function. 


Figure  B-l. 

Relative  Volume  Versus 
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